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by 

A .  Cho and H. S h e l t o n  

ABSTRACT 

The effect of i m p u r i t i e s  on t h e  cesium i o n  and n e u t r a l  

e m i s s i o n  from ho t  porous tungs t en  are p r e s e n t e d .  These 

i m p u r i t i e s  i n c l u d e  oxygen, carbon,  ca l c ium,  s i l i c o n ,  boron ,  

0 f l u o r i n e ,  and c h l o r i n e .  The cesium n e u t r a l  f r a c t i o n  and t h e  

c r i t i c a l  t empera tu re ,  when t h e  c l e a n  or  con tamina ted  porous  

t u n g s t e n  is e m i t t i n g  i o n s ,  are correlated w i t h  t h e  work 

f u n c t i o n  and cesium b i n d i n g  energy i n f e r r e d  from t h e  e l e c t r o n  

e m i s s i o n  "S" shaped c u r v e .  
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ION EMITTER STUDIES 

by A .  Cho and H. She l ton  
TRW Space Technology L a b o r a t o r i e s  

Redondo Beach, C a l i f o r n i a  

SUMMARY 

Clean  t u n g s t e n  produced by o p e r a t i o n  and i o n  s p u t t e r i n g  i n  
an oxygen-free,  hydrocarbon-free vacuum, when e m i t t i n g  less t h a n  
about  1 nano-ampere p e r  pore ,  e x h i b i t s  t h e  cesium n e u t r a l ,  i o n  
and e l e c t r o n  emiss ion  c h a r a c t e r i s t i c s  of s o l i d  t u n g s t e n .  
Oxygenated t u n g s t e n  (dependent on  t h e  deg ree  of oxygenat ion)  h a s  
a higher  work f u n c t i o n ,  produces a lower n e u t r a l  f r a c t i o n  and a 
h i g h e r  cri t icpal tempera ture .  I t s  n e u t r a l  f r a c t i o n  is d i s t i n -  
gu i shed  by its cons tancy  with t empera tu re  t o  hundreds of degrees 
above t h e  c r i t i ca l  tempera ture .  Porous t u n g s t e n ,  l i g h t l y  car- 
bided, a lso has a higher  work f u n c t i o n ,  and so produces a lower 
n e u t r a l  f r a c t i o n ,  but  a l so  has a P o w e r  c r i t i ca l  t empera tu re  
because  of t h e  low binding  energy of cesium t o  t h i s  s u r f a c e .  
Calcium is a bad poison because it lowers the  t u n g s t e n  work 
f u n c t i o n  and raises t h e  cesium b i n d i n g  energy .  The n e u t r a l  frac- 
t i o n  rises a t  high i o n  c u r r e n t  d e n s i t y  when the d e n s i t y  of s u r -  
face p o r e s  is i n s u f f i c i e n t ,  or  t h e  pore  d i s t r i b u t i o n  is poor ,  so 

t h a t  some areas are ove r fed .  Of ten  i n  t h i s  case, t h e  c r i t i ca l  
t empera tu re  is no t  s h a r p  and the n e u t r a l  f r a c t i o n  c o n t i n u e s  t o  
f a l l  a t  e l e v a t e d  tempera tures  i n s t e a d  of r i s i n g  as t h e  Saha- 

Langmuir e q u a t i o n  p r e d i c t s  and as observed  a% lower i o n  c u r r e n t  
d e n s i t i e s .  
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2. 

INTRODUCTION 

T h i s  r e p o r t  c o v e r s  t h e  work done d u r i n g  t h e  l a s t  year  

under C o n t r a c t  NAS 3-2524, This  program is a c o n t i n u a t i o n  of 

t w o  y e a r s  work under NAS 8-41, T h i s  p r e v i o u s  work is d e s c r i b e d  

i n  t h e  Summary Report  No. 26 prepared  by Space Technology Labora- 

to r ies  f o r  L e w i s  Research Center. R e s u l t s  of t h i s  p r e v i o u s  pro- 

gram w i l l  be  i n c o r p o r a t e d  i n t o  t h i s  r e p o r t  which g a t h e r s  i n t o  

l o g i c a l  form t h e  work r e p o r t e d  throughout  t h e  y e a r  i n  monthly 

r e p o r t s .  These monthly r e p o r t s  are recommended o n l y  f o r  a clearer 

p i c t u r e  of t h e  ch rono log ica l  order  of exper iments  and a gl impse 

i n t o  t h e  e v o l u t i o n  of theories, r i g h t  and wrong. A concise pre-  

s e n t a t i o n  of t h e  resu l t s  of the  program r e l a t e d  t o  porous  t u n g s t e n  

i n  g e n e r a l  and n o t  t o  a p a r t i c u l a r  sample is con ta ined  i n  t h e  paper  

t h a t  we r e a d  b e f o r e  t h e  January 1964 N e w  York m e e t i n g  of t h e  A I A A ,  

I t  is i n c l u d e d  i n  t h i s  r e p o r t  as an appendix ,  b u t  might w e l l  be 

r e a d  b y  t h e  casual r e a d e r  of t h i s  r e p o r t  f o r  a d e s c r i p t i o n  of t h e  

expe r imen ta l  a p p a r a t u s  and as a synops i s ,  

GOALS OF THE PROGRAM - 
To s t u d y  and i d e n t i f y  contaminants  and t h e i r  means of t r a n s -  

p o r t  and t o  measure t h e i r  e f f e c t  upon c e s i u m  i o n  and atom 

emiss ion  and c r i t i ca l  temperature.  

To i n c r e a s e  t h e  c u r r e n t  d e n s i t y  a t  which measurement can be 

made and i d e n t i f y  t h e  c o n d i t i o n s  a l lowing  less  t h a n  1% n e u t r a l  

f r a c t i o n  at an i o n  c u r r e n t  d e n s i t y  of 10 m a / c m  , 2 
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3. To s t u d y  improved ion iz , e r  materials and methods of p repa ra -  

t i o n  which w i l l  r educe  n e u t r a l s  from porous  t u n g s t e n  opera-  

t i n g  a t  h i g h  c u r r e n t  d e n s i t i e s .  

0 

4. To s t u d y  e l e c t r o n  d r a i n  c u r r e n t s  and  t o  i d e n t i f y  t h e  mecha- 

nisms involved .  

These g o a l s  were m e t .  Oxygen, carbon,  c a l c i u m ,  f l u o r i n e ,  

s i l i c o n  and boron were s tud ied .  Measurements were conducted up 

t o  1 6  m a / c m 2  and an improved a c c e l e r a t i n g  scheme h a s  been proposed 

fo r  e x t e n d i n g  t h e  measurements w e l l  beyond t h i s .  Smal l -gra in  po rous  

t u n g s t e n  w i t h  a h i g h  po re  count h a s  been shown t o  be be t t e r  t h a n  

c o a r s e - g r a i n ,  and s u r f a c e  e t c h i n g  has  been shown t o  improve t h e  

o p e r a t i o n  of porous  tungs t en .  Dra in  c u r r e n t s  have been shown t o  

be f i e l d  enhanced the rmion ic  and f i e l d  emiss ion  e l e c t r o n  c u r r e n t s  

f rom l o w  work f u n c t i o n  p o i n t s  covered  w i t h  c e s i u m  compounds. 

0 

CONTAMINANTS STUDY 

I n  order fo r  a contaminant t o  a l t e r  t h e  n e u t r a l  or i o n  e m i s -  

s i o n ,  i t  m u s t  res ide on t h e  s u r f a c e  i n  s i g n i f i c a n t  q u a n t i t i e s .  Many 

materials w i l l  be evapora t ed  o f f  a t  a g r e a t e r  ra te  t h a n  t h e y  a r r i v e  

because of t h e i r  low b ind ing  energy  on t u n g s t e n  and t h e  h igh  tempera- 

t u r e  of t h e  tungs ten .  A graph is p r e s e n t e d  i n  f i g u r e  1 t h a t  r e l a t e s  

t h e  a r r i v a l  ra tes  ( equ iva len t  gas p r e s s u r e  i n  t o r r ) ,  e v a p o r a t i o n  

energy ,  and t h e  t u n g s t e n  tempera ture  i n  o r d e r  t o  m a i n t a i n  a cover-  

age of approximate ly  0.1 monolayer. We u s e  t h e  approximat ion  t h a t  
2 torr  r e p r e s e n t s  a p a r t i c l e  c u r r e n t  d e n s i t y  of 4 x 1014/cm /sec. 

( a c t u a l l y ,  I' = 4.13 x 1014 x d v ?  -&) and t h a t  0.1 monolayer is 
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13 2 14 P 
Po 4 x 1 0  / c m  ,, There fo re  t h e  a r r i v a l  rate is 4 x LO 

a 
T h i s  is equated  a g a i n s t  t h e  evapora t ion  rate CI/T where t h e  s u r -  

f a c e  coverage 0 is 4 x 10 and t h e  e v a p o r a t i o n  l i f e t i m e  z is 

10-l~ 

13 

'040 E where E is the a c t i v a t i o n  energy  i n  v o l t s  
4 p o l 4  P ~ 1013 10+13 T 

( 1 v o l t s  e q u a l s  23 K cal/mole) so 
% ,-6 
I L J  10-5040 E 0 loio 10-534Q E 

0 7ii T h i s  r e l a t i o n  is p l o t t e d  i n  
T A 

f i g u r e  1, 

t h e  a r r i v a l  ra te  is e q u i v a l e n t  t o  I O m 7  t o r r  (0,l monolayer/sec) 

If t h e  t u n g s t e n  o p e r a t i n g  t empera tu re  is 1500°K and 

w e  can see from t h e  graph  t h a t  on ly  materials w i t h  a b i n d i n g  

energy  sf g r e a t e r  t h a n  about  90 K cal/mole w i l l  a c c u m u l a t e  as 

much as 0.1 monolayers, and be of concern t o  u s o  I f  a material 

h a s  a v e r y  large work-function v a r i a t i o n  and t h e  b ind ing  energy  

is o n l y  s l i g h t l y  b e l o w  90 o r  s u s p i c i o n  e x i s t s  t h a t  i t  has h i g h e r  0 
t h a n  the measured b ind ing  energy t o  c e r t a i n  s i t e s  on t h e  tungs t en ,  

or  i n  t h e  p re sence  of some other  lnaterial such as  oxygen, w e  m u s t  

still  c o n s i d e r  i t .  

I n  t a b l e  1 is a list of approximate e v a p o r a t i o n  b ind ing  

e n e r g i e s ' l ' f o r  d i l u t e  f i l m s  on t u n g s t e n ,  

TABLE f -- 
Mo 1 e c u  1 e s E (K cal/mole'l Mole c u  1 es E (K cal/mole) 

A 2 

B 

Ba [loo] 
cs a 

140 

87 

64 

N2 
N 

O2 
0 

85 

153 

19.4 

147 
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1°-q.-- 
r =  10 1 - 1 3  5040 E SEC- I o0 = 4 x 1013 b. 1 MONOLAYEI; 

0 1200 1100 1000 3 
TUNGSTEN TEMPERATURE 

Figure  1 .  Graph r e l a t i n g  a r r i v a l  ( o r  evaporat ion)  rate to 
maintain 0 . 1  monolayer for d i f f e r e n t  b inding ener-  
g ies  and temperatures.  
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Mol e c u  1 e s E (K cal/mole) Molecules E (K cal/mole) 

co 77 Y (2) 100 Rb 60 

C02 122 X e  9 

112 46 

From t h i s  l ist ,  w e  see w e  c a n  d i s r e g a r d  t h e  i n e r t  g a s e s ,  H p  co, 
and N2 and t h e  a l k a l i  metals. 

0, B and C (no t  on l i s t ) .  

p robab ly  come off as CO. B a r i u m  is of concern  because of' i t s  

Of c e r t a i n  concern  would be 02, 

N would come off as  N2, C02 would 

h i g h  v a l u e  which is undoubtedly h i g h e r  f o r  o t h e r  c r y s t a l l o g r a p h i c  

d i r e c t i o n s ( e . g . ,  110 ) a n d  i f  oxygen is p r e s e n t .  B e c a u s e  of t h e  

a c c e p t a b l y  low v a l u e  of t h e  b inding  energy  of CO!2)carbon w i l l  
1 3  

be of no concern i f  an excess  of oxygen is p r e s e n t .  Also,  oxy- 

gen w i l l  be of no concern i f  an excess of carbon is p r e s e n t .  0 
Of t h e  mater ia ls  mentioned so f a r ,  t h e  mater ia l  t h a t  would 

be o f  most concern,  ii i t  were a poison ,  would be boron because 

of i t s  high  b ind ing  energy  and t h e  l a c k  of o t h e r  known boron com- 

pounds w i t h  a smaller energy.  However, i t  is  a s m a l l  atom, d i f -  

f u s e s  i n t e r s t i t i a l l y ,  and as confirmed by expe r imen t s  i n  t h i s  pro-  

gram w a s  never  expec ted  t o  a l t e r  t h e  work-funct ion of t u n g s t e n .  

There is a large list o f  materials t h a t  would be ve ry  d i f -  

f i c u l t  t o  g e t  r i d  of and t h a t  a l so  are known t o  reduce t h e  work- 

f u n c t i o n  of t ungs t en .  These i n c l u d e  thor ium and zirconium. I t  

would be very  bad i f  t h e s a  m a t e r i a l s  were s u p p l i e d  i n  t h e  porous  

t u n g s t e n  as s o l i d  s o l u t i o n  o r  i n c l u s i o n s  of oxides of these metals. 

I t  is o n l y  hoped t h a t  t h e s e  materials are e l i m i n a t e d  i n  t h e  manu- 0 
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f a c t u r i n g  p r o c e s s  by c h e m i s t r y  of t h e  powder m e t a l l u r g y  or 
e 

i n  t h e  h i g h e r  t e m p e r a t u r e s  involved  i n  t h e  s i n t e r i n g .  

O t h e r  materials i f  exposure c o n t i n u e s  w i l l  e s s e n t i -  

a l l y  neve r  e v a p o r a t e ,  b u t  w i l l  cove r  t h e  s u r f a c e  and expose 

t h e  new s u r f a c e .  I f  t he  exposure s t o p s  soon enough, t h e  s u r -  

face c o n c e n t r a t i o n  w i l l  d i l u t e  i t s e l f  by d i f f u s i o n  i n t o  t h e  

t u n g s t e n .  These i n c l u d e  Rhodium, Molybdenum, Rhenium, Ti -  

tanium, Vanadium, P la t inum,  I r id ium,  and Tantalum, 

There are innumerable  o t h e r  e l emen t s  and i n f i n i t e  com- 

b i n a t i o n s  t h a t  might  be cons idered .  However, w e  w i l l  c o n f i n e  

o u r  d i s c u s s i o n  t o  materials t h a t  have some l i k e l i h o o d  o f  ar- 

r i v i n g  a t  t h e  s u r f a c e .  The a r r i v a l  to t h e  s u r f a c e  can  be f r o m  

t h e  i n t e r i o r  of t h e  porous  tungs t en  from con taminan t s  i n  t h e  

t u n g s t e n  or con taminan t s  supp l i ed  w i t h  t h e  c e s i u m .  I t  c a n  ar- 

r i v e  on t h e  f r o n t  s u r f a c e  by e v a p o r a t i n g  or b e i n g  s p u t t e r e d  

f r o m  a d j a c e n t  p a r t s  or by coming as a g a s  from t h e  vacuum, or 

o u t g a s s i n g  of a d j a c e n t  p a r t s ,  

The materials s t u d i e d  have a h igh  l i k e l i h o o d  of be ing  

found on t h e  surface of porous  t u n g s t e n ,  Oxygen i s  p r e s e n t  i n  

p o r o u s  t u n g s t e n  a f te r  exposure t o  a i r  as an adsorbed  monolayer,  

b u l k  t u n g s t e n  ox ide ,  adsorbed water, c e s i u m  ox ide  o r  hydroxide  

( i f  p r e v i o u s l y  exposed t o  c e s i u m )  o r  as  o x i d e s  of o t h e r  refracto- 

r y  metal i m p u r i t i e s  i n  t h e  porous t u n g s t e n .  Oxygen c a n  accompany 

t h e  c e s i u m  i f  t h e  boi ler  tempera ture  is h i g h  enough, I t  can  come 

from t h e  vacuum s y s t e m  as Ozy H20, or C02. 

c luded  i n  s o l i d  s o l u t i o n  i n  the  porous t u n g s t e n ,  might be brought  

Carbon m i g h t  be in -  0 
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w i t h  t h e  c e s i u m  as some v o l a t i l e  c e s i u m  compound (Cs2C2?) or 

a hydrocarbon.  Carbon might  come from t h e  vacuum s y s t e m  as a 

hydrocarbon f r a c t i o n  of  t h e  pump o i l s ,  C a l c i u m  can be expec ted  

t o  be i n c l u d e d  as an i m p u r i t y  i n  t h e  porous  t u n g s t e n  from some 

m a n u f a c t u r e r s .  S i l i c o n  can  be expec ted  as an  i m p u r i t y  i n  t h e  

po rous  t u n g s t e n  and might  be depos i t ed  from s p u t t e r i n g  or baking  

t h e  glass of t h e  vacuum system, Boron might  be from t h e  glass 

or  a d i f f i c u l t  t o  a v o i d  impur i ty  i n  t h e  t u n g s t e n .  F l u o r i n e  could 

p o s s i b l y  come from t h e  glass ,  or i n  our  case, f r o m  t e f l o n  g a s k e t s  

i n  o u r  vacuum s y s t e m .  

Oxygen 

Confusion e x i s t s  as to t h e  method oxygen i n  s m a l l  cover- 

age  l e a v e s  t u n g s t e n .  E h r l i c h  s u g g e s t s  i t  would come o f f  as  a tomic  

oxygen w i t h  a b i n d i n g  ene rgy  of 147 K cal/male. Rocker ,  Becker  

and Brandes ‘3)suggest  molecular  oxygen comes o f €  w i t h  a b i n d i n g  

e n e r g y  of 105 IC cal/mole. We tend  t o  b e l i e v e  the  h i g h  v a l u e  ap- 

p l i e s  t o  t h e  l a s t  remnants  of  oxygen, w h i l e  t h e  lower v a l u e  ap- 

p l i e s  when i n  e q u i l i b r i u m  w i t h  a n  oxygen p r e s s u r e  between and 

10 t o r r .  The f o l l o w i n g  a n a l y s i s  is based on t h e  h i g h e r  v a l u e .  
-6 

I t  is s u p p o r t e d  by t h e  molecular  a d s o r p t i o n  ene rgy  a t  194  K cal/ 

mole de te rmined  by c a l o r i m e t r i c  methods,. (4) 

The e v a p o r a t i o n  rate of 0.1 monolayer of atomic oxygen 

(E = 149  K cal/mole) from t ungs t en  a t  1500°K would  be lo5  atoms/ 

c m  /set,, a ra te  t h a t  would take many y e a r s  t o  s i g n i f i c a n t l y  a l t e r  

t h e  cove rage ,  To remove t h e  oxygen, t hen ,  one m u s t  l o o k  f o r  o ther  

2 

a 
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t r a n s p o r t  p r o c e s s e s ,  O f  concern i n  any s u c h  process is  t h e  r a p i d -  
0 

i t y  of  surface m i g r a t i o n  of such an oxygen f i l m .  I n  E h r l i c h ' s  

f i n e  a r t i c l e  on s u r f a c e  a d s o r p t i o n  are t a b u l a t e d  data  on s u r f a c e  

m i g r a t i o n  of oxygen which al low u s  t o  estimate t h e  s u r f a c e  d i f -  

f u s i o n  a t  1500°K t o  be abou t  I f  a pore were 1 cm'/sec. (5). 

iiiicron in diameter and 1 m i l - l i m c t . e r  l o n g  w i t h  a d i f f e r e n c e  of 0.1 

inonolayer between its t w o  ends,  w e  w o u l d  e x p e c t  D ?r d - .- 10 x 

3.14 x 

c o u n t  of 10 / c m  , 10 particles/cm would a r r i v e  a t  a s u r f a c e  p e r  

d o -  -4 

d x  N 7  x 4 x 1013 x 10 = 10 p a r t i c l e s / p o r e / s e c .  With a pore 
6 2  13 2 

sec. - 0.1 monolayer i n  4 seconds,  rather t h a n  t h e  many y e a r s  i t  

would t a k e  t o  e v a p o r a t e  o f f .  

iYith t h e  n e g l i g i b l e  e v a p o r a t i o n  ra te ,  w e  i n q u i r e  as  t o  

a how t h e  oxygen might  be removed. Under many c i r c u m s t a n c e s  ca rbon  

d i f f u s i n g  from solid s o l u t i o n  to t h e  s u r f a c e  and there combining 

w i c h  oxygen t o  form v o l a t i l e  CO is thecbminant  oxygeil removal inzcll- 

anism. Becker (3) g i v e s  t h e  d i f f u s i o n  c o n s t a n t  of ca rbon  i n  tung- 

s t e n  a s  D = 1.6 x 10- l3 cm2/sec. a t  1500°K. 

I f  one atom p e r c e n t  of carbon is a t  an e f f e c t i v e  d e p t h  of one m i -  

c r o n ,  t h e  a r r i v a l  ra te  a t  t h e  s u r f a c e  w i l l  be 3 x 10 

l o 4  = 2 x 1012 ca rbon  atoms/cm /sec, 

10  - 11000 = 3 
T 

20 ~ 6 x 1 0  x -13 

2 T h i s  rate c o u l d  remove 0.1 

monolayers  i n  20 seconds.  T h i s  carbon c o n c e n t r ? t i o n  g r a d i e n t  vrould 
4 3 = 3 x 10 sec- L2 - 

D 3 x 10-1 
e x i s t  a f t e r  a t i m e  of approximate ly  - - 
onds.  A t  t i m e s  less than  t h i s ,  the  ca rbon  c o n c e n t r a t i o n  g r a d i e n t  

r a p i d l y .  I t  seems l i k e l y  t h a t  t h e r e  remains  enough carbon i n  the 

t u n g s t e n  even a f te r  d a y s  of h e a t i n g  i n  oxygen t o  h a n d l e  many 
a 
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monolayers  of oxygen o v e r  t h e  e n t i r e  i n t e r i o r  s u r f a c e  of t h e  porous  

tungs t en .  T h i s  is because of t h e  large d i f f u s i v e  t i m e  c o n s t a n t  

- - of g r a i n s  of t u n g s t e n  5 microns i n  diameter T = d2 25  x lo'* 
10 x 3 x 16l3 n D  5 10 sec. However, t h e  s m a l l  g r a i n  s ize  does f a v o r  t h e  carbon removal,  

e s p e c i a l l y  if t h e  oxygen exposure is main ta ined  for  many days ,  or i f  

t h e  t empera tu re  is higher .  

T h i s  d i s c u s s i o n  h a s  involved  t h e  removal of a r e s i d u a l  s u r -  

f a c e  coverage  of oxygen without  c o n t i n u o u s  r ep len i shmen t .  We n o t e  

t h a t  t h e  carbon d i f f u s i o n  r a t e  t o  t h e  surface c a n ' t  compete w i t h  a n  

oxygen a r r i v a l  ra te  greater t h a n  10-8torr. I f  t h e  m o b i l i t y  of oxy- 

gen is as  great as p r e v i o u s l y  calculated and the  oxygen a r r i v e s  on 

t h e  o u t s i d e  surface, and y e t  carbon d i f f u s e s  t o  t h e  s u r f a c e  of a l l  

t h e  pores throughout  t h e  porous t u n g s t e n ,  a la rger  ra te  of oxygen 

a r r i v a l  cou ld  be handled b y  carbon d i f f u s i o n .  As more and more data  

on t h e  a d s o r p t i o n  of oxygen on t u n g s t e n  accumulates ,  t h e  ev idence  

mounts t h a t  there  are many d i f f e r e n t  b i n d i n g  s ta tes .  The s u s p i c i o n  

e x i s t s  t h a t  t h e  l a s t  traces of oxygen might  be bound a t  s i t e s  ( l a t -  

t i ce  s t eps  of c e r t a i n  c r y s t a l  p l a n e s ,  etc.) s o  t i g h t l y  t h a t  t h e y  

are immobile. If t h i s  is  t h e  case w e  cannot depend on mechanisms 

d i s t a n t  from t h e  sur face  t o  remove t h e  oxygen. 

I n  t h e  absence of carbon, oxygen might  be removed by evapo- 

r a t i o n  of some molecular form of t u n g s t e n  oxide.  I t  is d i f f i c u l t  

t o  assess t h i s  p o s s i b i l i t y  a t  l o w  oxygen coverages .  The evapora-  

t i o n  energy  is equal t o  the  b ind ing  ene rgy  of each of  t h e  c o n s t i t -  

u e n t s  minus t h e  combination ene rgy  t h a t  i s  released when the  
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molecule  is formed. 

T h i s  be ing  less  t h a n  147 is why W 0 3 p r e f e r e n t i a l l y  d e s o r b s  i n s t e a d  

of oxygen. T h i s  p a r t i c u l a r l y  occurs a t  h i g h e r  coverage because 

t h e  r a t e  goes  as t h e  cube of t h e  oxygen coverage .  I n  an analo-  

gous manner, e v a p o r a t i o n  of a cesium-oxygen m o l e c u l e  might remove 

oxygen. 

where Ef is t h e  energy  of format ion  of t h e  molecule from atomic 

components. The re fo re ,  there is a p o s s i b i l i t y  of oxygen coming 

off more r e a d i l y  by t h i s  mode t h a n  by e v a p o r a t i o n  of a tomic  oxy- 

gen i f  Ef *' 64n. 

s table  compared t o  a d s o r p t i o n  ene rgy  of cesium. T h i s  doesno t  seem 

t o  be t h e  case, as might be surmised b y  t h e  fact  t h a t  these com- 

pounds are known t o  decompose b e f o r e  t h e y  e v a p o r a t e  (low f o r m a t i o n  

energy  of t h e  gaseous  molecule) whi le  cesium adsorbs q u i t e  s t r o n g l y  

t o  tungs t en .  

For  W03 t h i s  i s  202 + 147 + 147 + 147 -550 e 90. 

The b ind ing  energy  of a CsnO m o l e c u l e  is 147 + 64n - Ef 

T h i s  c r i t e r i o n  is t h a t  t he  compound s h o u l d  be 

S p u t t e r i n g  could  remove t h e  oxygen i f  a l l  else f a i l s .  I t  

would be p a r t i c u l a r l y  e f f e c t i v e  i f  oxygen f r o m  t h e  i n t e r i o r  p o r e  

surfaces wouldn ' t  con t inuous ly  r e p o p u l a t e  t h e  s u r f a c e .  A t  l e a s t  

t h e  s p u t t e r i n g  wou ld  compete w i t h  t h e  r e p o p u l a t i o n  ra te ,  and i f  t h e  

ra te  of s p u t t e r i n g w e r e  h igh  enough w o u l d  m a i n t a i n  t h e  s u r f a c e  c l e a n  

d u r i n g  s p u t t e r i n g .  The time i t  wou ld  remain c l e a n  a f t e r  s p u t t e r i n g  

would depend on t h e  r e p o p u l a t i o n  ra te  (which, of course, would be 

h i g h e r  t h e  h i g h e r  t h e  tungs ten  t empera tu re ) .  O u r  e x p e r i e n c e  w i t h  

s p u t t e r i n g  q u a l i t a t i v e l y  suppor t s  t h i s  view. 

There is much evidence t h a t  t h e  a d s o r p t i o n  of oxygen and 

its consequent  e f f e c t  on t h e  work-function of t u n g s t e n  is n o t  a 
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s imple ,  e a s i l y  unders tood  phenomenum - e s p e c i a l l y  a t  i o n  e m i t -  

t i n g  t empera tu res .  One does n o t  known how much of t h e  data are 

a f f e c t e d  by carbon.  G e n e r a l l y  t h e  work-funct ion is s e e n  t o  

range  f r o m  n e a r  6 v o l t s  t o  t h a t  of c l e a n  tungs t en .  I t  seems 

clear  t h a t  t h e  G v o l t  f i g u r e  is found a t  l o w  t e m p e r a t u r e s  w i t h  

any oxygen p r e s s u r e ,  and a t  h i g h e r  temperature(>1500°K o n l y  w i t h  

large oxygen p r e s s u r e .  Any real is t ic  oxygen p r e s s u r e  w i l l  r a i s e  
) 

t h e  work-funct ion a few t e n t h s  of a v o l t  t o  t e m p e r a t u r e s  beyond 

2000°K. A t  1600°K any measurable  oxygen p r e s s u r e  w i l l  cause a 

work-funct ion of over  5 v o l t s .  An oxygen p r e s s u r e  of ove r  

to r r  i n c r e a s e s  t h e  work-function t o  o v e r  5 .5V.  T h i s  i s  t o  sug- 

g e s t  t h a t  t h e  s u r f a c e i s  n e i t h e r  oxygenated n o r  c l e a n .  I t  c a n  

be f o r c e d  t o  be o v e r l y  oxygenated i f  o p e r a t e d  i n  a c o n t i n u o u s  

s u p p l y  of oxygen, or i t  can have any degree of t h e  remnant cover- 

Through t h i s  work-function i n c r e a s e ,  c e s i u m  n e t r a l s  from 

t u n g s t e n  e m i t t i n g  i o n s  are reduced by t h e  p r e s e n c e  of oxygen. The 

p r e s e n c e  of oxygen a lso raises t h e  c r i t i c a l  tempera ture .  These 

p o i n t s  are i l l u s t r a t e d  i n  f i g u r e  2. Most of t h e  characterist ics 

of oxygenated t u n g s t e n  can be s e e n  here: About a hundred degree 

i n c r e a s e  i n  c r i t i c a l  tempera ture  and a l o w  n e u t r a l  f r a c t i o n  q u i t e  

i n s e n s i t i v e  t o  i n c r e a s e d  temperature .  However, some i n t e r p r e t a -  

t i o n s  of t h e s e  c u r v e s  are necessary .  Note t h a t  when 5 x 10-7torr 

o f  oxygen is i n t r o d u c e d  l i t t l e  e f f ec t  is noted ,  wh i l e  a f t e r  t h e  

O2 is o f f  a f t e r  s u s t a i n e d  heavy e x p o s u r e , t h e  s u r f a c e  remains  oxy- 

gena ted .  P r e v i o u s  t o  exposure t o  oxygen the  source o p e r a t e d  f o r  
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Figure 2 .  Cesium neutral  fraction v e r s u s  temperature for a 
porous tungsten ionizer with different stages of 
oxidation. 
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l o n g  p e r i o d s  under  t h e  c l e a n  c o n d i t i o n s .  C o n c e n t r a t i o n s  of 

carbon n e a r  t h e  s u r f a c e  could have i n c r e a s e d .  T h e r e f o r e  when 

5 x t o r r  of oxygen w a s  first i n t r o d u c e d ,  e i ther  ca rbon  

c o n v e r t e d  t h e  oxygen t o  CO, or t h e  oxygen migrated ove r  t h e  

i n t e r i o r  p o r e  s u r f a c e .  I n  any e v e n t ,  t h e r e  is evidenced  lit- 

t i e  oxygen a d s o r p t i o n  a t  t h e  high t empera tu res .  Data f o r  cu rve  

(b) were t a k e n  ove r  t h e  span  of minu tes  from h i g h  t empera tu re  

downward. P o s s i b l y  by t h e  t i m e  t h e  lower t e m p e r a t u r e s  were 

reached ,  oxygen a c c u m u l a t e d  through t h e  reduced d i f f u s i o n  of 

ca rbon  c a u s i n g  a n  i n c r e a s e  i n  c r i t i ca l  t empera tu re .  Curve ( c )  

a t  5 x oxygen is showing a characteristic of oxygenated 

t u n g s t e n  a t  l o w  t empera tu re  but  e v i d e n c i n g  more rapid t h a n  

normal oxygen removal at t h e  h i g h  t empera tu re .  Curve (d) is 

t y p i c a l  of an  oxygenated s u r f a c e ,  t h e  h i g h  oxygen p r e s s u r e  w a s  

n e c e s s a r y ,  p r o b a b l y  t o  combat t h e  competing effect  of carbon.  

T h i s  is e x e m p l i f i e d  b y  t h e  characterist ics of a n  oxygenated s u r -  

face even a t  h i g h  t empera tu res  a f t e r  t h e  oxygen is t u r n e d  o f f .  

A t  t h i s  t i m e  t h e  surface c o n c e n t r a t i o n  g r a d i e n t  of ca rbon  has  

been  reduced  by pro longed  removal by oxygen c o n v e r s i o n  t o  CO 

and t h e  i n t e r i o r  p o r e  s u r f a c e s  are s a t u r a t e d  w i t h  oxygen so 

i f  need be, oxygen can  be supp l i ed  t o  t h e  f r o n t  s u r f a c e  by m i -  

g r a t i o n .  Why t h e  c r i t i ca l  tempera ture  has r e t u r n e d  t o  i t s  ori- 

g i n a l  v a l u e  is unknown. The d i f f i c u l t y  of g e t t i n g  r i d  of t h i s  

oxygen is i l l u s t r a t e d  i n  curve (f) showing t h e  par t ia l  removal 

of oxygen by l i g h t  s p u t t e r i n g .  More t i m e  and s p u t t e r i n g  eventu-  

0 a l l y  p roduces  t h e  c l e a n  tungs t en  characteristics. Seen on t h i s  
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c u r v e  is t h e  v a l u e  01 neutrals p r e d i c t e d  by tile Saha-Langmuir 

e q u a t i o n ,  (% f r a c t i o n )  = 200 exp - e(4.7-3.9)/kT . I t  c a n  be c, 

s e e n  t h a t  t h e  v a l u e  01 t h e  n e u t r a l s  from clean t u n g s t e n  and 

t h e i r  dependence on tempera ture  is q u i t e  close t o  t h a t  p r e d i c t e d  

by t heo ry .  T h i s  is because t h e  d a t a -  taken a t  1 m a / c m 2  where 

t h e  po re  d i s t r i b u t i o n  of t h i s  porous  t u n g s t e n  d i d  not y e t  a l t e r  

t h e  r e s u l t s  from s o l i d  tungs ten .  

The efl 'ect of oxygen on the e l ec t ron  e m i t t i n g  c h a r a c t e r -  

i s t i c s  of t h e  same porous t u n g s t e n  is s e e n  i n  f i g u r e  3. Pre-  

d i c t e d  e l e c t r o n  c u r r e n t  d e n s i t i e s  a t  d i f f e r e n t  work f u n c t i o n s  cal-  

c u l a t e d  from t h e  Richardson e q u a t i o n  w i t h  A = 120 are snown as  

s t r a i g h t  l i n e s .  Here again t h e  e f f e c t s  of f i r s t  i n t r o d u c i n g  o n l y  

a s m a l l  oxygen p r e s s u r e  is  s e e n  (curve  c ) ;  t h e  e f f e c t s  are  o n l y  

a t  l o w  t empera tu re  where increased low t empera tu re  e l e c t r o n  e m i s -  

s i o n  r e s u l t s .  Opera t ion  i n  an oxygen p r e s s u r e  r e s u l t s  ( c u r v e s  d 

and e )  when lower ing  t h e  tempera ture  i n  a r i s e  of e l e c t r o n  c u r r e n t  

a t  h i g h e r  t empera tu res  than p r e v i o u s l y  and t h e n  a s u p p r e s s i o n  of 

t h e  l o w  t empera tu re  e l e c t r o n  emiss ion .  T h i s  l a t t e r  e f r e c t  might 

be  expec ted  if t h e  oxygen a r r i v a l  ra te  exceeded the c e s i u m  a r r i -  

v a l  r a te ,  b u t  t h i s  is n o t  t h e  case. The answer m u s t  i n v o l v e  t h e  

c r e a t i o n  of a t h i c k e r  t h a n  monolayer coverage on t h e  t u n g s t e n  a t  

t h e  l o w  t e m p e r a t u r e s  - most l i k e l y  an oxide  l a y e r .  The e x c e s s  

c e s i u m  e v a p o r a t e s  from t h e  t o p  of t h e  l a y e r  more r a p i d l y  and is 

n o t  bound as t i g h t l y .  A t  h i g h e r  oxygen a r r i v a l  ra tes ,  t h e  c o a t i n g  

is t h i c k e r  and t h e  work-function is g r e a t e r .  T h i s  e x p l a n a t i o n  

c a n  h e l p  e x p l a i n  t h e  observed h y s t e r e s i s  e f f e c t .  Note i n  cu rve  

(a) t h a t  when a source  i s  first p u t  i n  s e r v i c e  a f t e r  exposure  t o  

a i r ,  t h e  e l e c t r o n  emission is c h a r a c t e r i s t i c  of heavy oxygenat ion .  

T h i s  po i son ing  of e l e c t r o n  emiss ion  a t  l o w  t e m p e r a t u r e s  by 
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i n t r o d u c i n g  oxygen, has  been used  by u s  as  a l a s t  resort a t  times 

f o r  r e d u c i n g  d r a i n  c u r r e n t s .  

The v e r y  b e n e f i c i a l  e f f e c t  of oxygen a t  h igh  c u r r e n t  den- 

s i t y  i n  r educ ing  both  n e u t r a l s  and t h e  t empera tu re  a t  which a 

s o u r c e  may o p e r a t e  is shown i n  f i g u r e  4. Here t h e  poor  po re  d i s -  

t r i b u t i o n  removes t h e  d i s t i n c t  c r i t i c a l  t empera tu re  so  l o w  neu- 

t r a l s  r e q u i r e  q u i t e  a h i g h  temperature .  Oxygenated t u n g s t e n  h a s  a 

much more d i s t i n c t  c r i t i ca l  t empera tu re  and al though h i g h e r  t h a n  

f o r  c l e a n ,  one can o p e r a t e  closer t o  t h e  c r i t i ca l  t empera tu re  and 

t h e r e f o r e  a c t u a l l y  c o o l e r .  

I n  t h e  i o n  engine  working a t  h igh  c u r r e n t  d e n s i t i e s  where 

the n e u t r a l  f r a c t i o n  might  o the rwise  be e x c e s s i v e  and both lower 

t h e  m a s s  e f f i c i e n c y  and l i f e  by charge-exchange s p u t t e r i n g ,  i t  

might  be b e n e f i c i a l  t o  ope ra t e  oxygenated by c o n t i n u i n g  t o  supp ly  

a s m a l l  amount of oxygen. The m o s t  s e r i o u s  obstacle t o  t h i s  scheme 

is t h e  p o s s i b l e  removal of t ungs t en  from t h e  s o u r c e  by v o l a t i l i -  

z a t i o n  of t u n g s t e n  oxide. Data(3)on t h e  e v a p o r a t i o n  r a t e  of W03 

under  con t inuous  exposure t o  oxygen a t  greater t h a n  lO-'torr ap- 

p e a r  t o  a g r e e  t h a t  a t  1500°K approximate ly  1% of t h e  oxygen is  

(3) e f f e c t i v e  i n  t a k i n g  away an  atom of tungs t en .  The t h e o r y  of Becker  

p r e d i c t s  0.3% a t  lO-'torr of oxygen. I n  one y e a r  of o p e r a t i o n ,  

t h i s  would amount t o  on ly  30 l a y e r s  deep  - an  unmeasurable amount. 

I t  seems r e a s o n a b l e  t h a t  a cont inuous  exposure  of 1 x 10 -7 to r r  of 

oxygen could be tolerated. We f e e l  t h a t  t h i s  c e r t a i n l y  wou ld  force 

t h e  t u n g s t e n  t o  be s u f f i c i e n c t l y  oxygenated t h a t  t h e  major n e u t r a l  

r e d u c t i o n  would  be gained.  
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9 

D e l i v e r i n g  t h e  oxygen t o  t h e  source i n  s u c h  a manner  

t h a t  c e s i u m  would not g e t t e r  t he  oxygen f i r s t , c o u l d  be a prob- 

l e m .  A v e r y  f i n e  hole f a c i n g  t h e  e m i t t e r  a few i n c h e s  away 

and o u t  of t h e  i o n  beam would be exposed t o  a reduced n e u t r a l  

d e n s i t y  and have a v e r y  much h i g h e r  local  oxygen d e n s i t y .  As 

long 8s  t h e  oxygen c u r r e n t  density a t  t h e  s m a l l  o r i f i c e  is 

greater than  the c e s i u m  a r r i v a l  rate, t h e  oxygen w i l l  n o t  he 

s e r i o u s l y  g e t t e r e d .  

A f u r t h e r  e f f e c t  of oxygen i n  i o n  eng ine  technology is 

its a b i l i t y  t o  t r a n s p o r t  o r d i n a r i l y  r e f r a c t o r y  metals. Tungsten 

i t s e l f  can  increase its p e r m e a b i l i t y  by t u n g s t e n  t r a n s p o r t  i n  

t h e  p 3 r e s  by v o l a t i l i z a t i o n  of ox ides .  The s i n t e r i n g  r a t e  might 

0 be enhanced. Worse s t i l 1 , t h e  t u n g s t e n  might be t r a n s p o r t e d  t o  

t h e  s u r f a c e ,  p l u g  t h e  p o r e s  and impai r  t h e  h i g h  i o n  c u r r e n t  den- 

s i t y  o p e r a t i o n  of t h e  emi t te r" ) .  Xetals from t h e  f e e d  t u b e ,  such  

as  molybdenum, rhenium, e tc .  can f i n d  t h e i r  way i n t o  t h e  porous  

t u n g s t e n  by t h i s  mechanism. 

Carbon 

Carbon i n  t u n g s t e n  h a s  a v e r y  profound i n f l u e n c e  even on 

s o l i d  t u n g s t e n  f i l a m e n t s  t h a t  one u s e s  i n  i o n  gauges and other de- 

v i c e s  u s e d  i n  u l t r a - h i g h  vacuum work, even though t h e s e  f i l a m e n t s  

have been r i g o r o u s l y  outgassed by extended h e a t i n g  a t  v e r y  h igh  

t empera tu res .  Its p resence  w a s  f i r s t  d e t e c t e d  by a m a s s  spectrom- 

e te r  t h a t  observed CO evolved when these t u n g s t e n  f i l a m e n t s  were 

h e a t e d  i n  oxygen. I n  pas s ing  one cannot h e l p  b u t  wonder how long  0 
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a i t  could  have gone undetec ted  i f  i t  d i d m t  have a v o l a t i l e  oxide.  

One wonders then  i f  something l i k e  boron or s i l i c o n  might n o t  have 

an  e q u a l l y  profound e f fec t  and y e t  no t  be detectable. I n  d i l u t e  

q u a n t i t y , c a r b o n  does not seem t o  a f f e c t  t h e  work-function by i t s e l f ,  

b u t  o n l y  through its affect on oxygen. T h i s  ro le  of carbon has  been 

d iscussed  i n  t h e  las t  section. However, when carbon is p r e s e n t  on 

t h e  s u r f a c e  i n  greater c o n c e n t r a t i o n s  t h a n  can be d i s s o l v e d  i n t o  sol- 

i d  s o l u t i o n ,  t h e  r e s u l t a n t  c a r b i d e  a f f e c t s  the work-function, t h e  

b i n d i n g  energy  of c e s i u m ,  and t h e  thermal  e m i s s i v i t y .  There are f o u r  

r ecogn ized  s o l i d  s t a t e s  i nvo lv ing  combina t ions  of carbon and t u n g s t e n ,  

These are: 1) S o l i d  tungs t en  w i t h  up t o  about  1 atom p e r c e n t  carbon 

d i s s o l v e d  i n t o  i t  2) W2C, a black c r y s t a l l i n e  material e a s i l y  iden-  

t i f i e d  b y  X-rays.  3) WC - t h e  hard t o o l  material a g a i n  ea s i ly  iden-  

t i f i e d  by X-rays. 4) Carbon, m o s t  l i k e l y  amorphous g r a p h i t e  as ordi-  

n a r i l y  encountered.  I f  a t h i n  l a y e r  of carbon is  d e p o s i t e d  on tung- 

s t e n  and t h e n  heated s u f f i c i e n t l y  h o t  i n  vacuum, immediately a t h i n  

l a y e r  of WC would form nex t  t o  t h e  carbon and t h e n  W2C between i t  

and t h e  tungs ten .  

t he  saturated s o l i d  s o l u t i o n  c o n c e n t r a t i o n  of carbon.  T h i s  concen- 

t r a t i o n  is r a p i d l y  d i l u t e d  as one  p r o g r e s s e s  f u r t h e r  i n t o  t h e  tung- 

s t e n ,  and f u r t h e r  d i f f u s i o n  of carbon i n t o  t h e  t u n g s t e n  proceeds v e r y  

s l o w l y  because of t h e  s m a l l  d i f f u s i o n  c o n s t a n t  of carbon i n  t h e  w e l l  

ordered t i g h t  t u n g s t e n  c r y s t a l .  The carbon l a y e r  w i l l  be d e p l e t e d  

as r a p i d l y  as t h e  carbon can d i f f u s e  through t h e  t w o  carbide l a y e r s ,  

where i t  combines w i t h  tungs ten  t o  form W2C. The r e l a t i v e  t h i c k n e s s  

of t h e  t w o  carbides i s  probably governed by t h e  r a t i o  of t h e  d i f f u s i o n  

0 

The tungs ten  i n  c o n t a c t  w i t h  t h e  W2C w o u l d  have 

a 



n e u t r a l s  a t  h ighe r  tempera tures ,  Clean t u n g s t e n  is i d e n t i f i a b l e  
by its known work-function and its extreme s e n s i t i v i t y  t o  s m a l l  
amounts of oxygen. 
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c o n s t a n t s  i n  t h e  t w o  carb ides .  As soon as t h e  carbon layer is 

gone, t h e  WC layer depletes i t s e l f  by t h e  c o n t i n u i n g  d i f f u s i o n  

of carbon through t h e  W2C layer where i t  f i n d s  some t u n g s t e n  and 

makes some more W2C. 

a t  a ve ry  much smaller ra te  by t h e  s l o w  d i f f u s i o n  of carbon i n t o  

t h e  tungs t en .  When (and i f )  the  t u n g s t e n  uni formly  reaches its 

When t h e  WC is gone t h e  W2C becomes t h i n n e r  

s a t u r a t i o n  carbon c o n t e n t ,  t h e  r e s u l t a n t  W2C - its t h i c k n e s s  de- 

pendent  on t h e  o r i g i n a l  amount  of carbon - is stable  f o r  a l l  t i m e .  

I f  a f ixed amount of carbon, s m a l l  compared t o  t h e  tungs t en ,  is 

allowed t o  come t o  e q u i l i b r i u m  t h i s  is t h e  o n l y  stable s i t u a t i o n .  

If t h e  t u n g s t e n  is used u p  before t h e  WC layer  van i shes ,  

t h e n  these t w o  carbide l a y e r s  w i l l  s t a b l y  e x i s t .  If more carbon 

is now added, t h e  WC l a y e r  w i l l  grow and t h e  W2C layer w i l l  s h r i n k .  

When t h e  W2C layer disappears then  carbon can remain OR t h e  WC. 

I t  is t h e  s table  W C layer t h a t  can e x i s t  w i t h  an  e x c e s s  
2 

of t u n g s t e n  t h a t  w e  have f e l t  h a s  been t h e  surface on which w e  have 

made repeated e m i s s i v i t y  and c e s i u m  n e u t r a l  measurements. U s u a l l y  

w e  p u t  o n l y  a t h i n  f i l m  on t h e  porous t u n g s t e n  and t h e n  l a t e r  s t r i p  

it  off by bu rn ing  i n  oxygen o r  a l lowing  i t  to d e p l e t e  i t s e l f  of car- 

bon d i f f u s i n g  i n t o  the tungs ten  a t  high temperature. T h i s  has  re- 

s t r ic ted  u s  f r o m  making r o u t i n e  X-ray i d e n t i f i c a t i o n  of t h i s  su r -  

face. A t  one t i m e  w e  d i d  i d e n t i f y  t h e  surface carbided and sta- 

b i l ized  i n  o u r  u s u a l  manner and showing a high e m i s s i v i t y  by  X-rays; 

t h e  on ly  carbide p r e s e n t  w a s  W2C. 
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I n  porous  tungs t en ,  i f  carbon is  d e p o s i t e d  on t h e  w a l l s  

of t h e  p o r e s  t o  some dep th  below t h e  s u r f a c e  f o r  a long  enough 

p e r i o d ,  t h e  e n t i r e  g r a i n s  near t h e  s u r f a c e  might be conve r t ed  in -  

t o  WC, T h i s  might e x p l a i n  o t h e r  workers '  problems w i t h  c a r b u r i z -  

i n g ,  and also why a one i n c h  s o u r c e  used e l sewhere  i n  t h i s  l ab -  

o r a t o r y  f o r  l ong  p e r i o d s  i n  i n d i s c r i m i n a t e l y  t r a p p e d  o i l  d i f f u s i o n  

pump s y s t e m  upon X-ray a n a l y s i s  w a s  proven t o  be 100% WC - t h e  X- 

r a y s  could  f i n d  no W2C no r  Wl. 

C a r b u r i z a t i o n  has been accomplished i n  many d i f f e r e n t  man- 

n e r s :  s o o t i n g  from a flame, rubbing  an ace tone  s o l u t i o n  of carbon 

on t h e  s u r f a c e ,  c r a c k i n g  C211z, c r a c k i n g  C2F2, and s p u t t e r i n g  car- 

bon o n t o  t h e  source by immersing g r a p h i t e  i n  the i o n  beam, A f t e r  

s t a b i l i z a t i o n  a t  h i g h  tempera ture  t h e  r e s u l t s  are always t h e  same: 

i n c r e a s e d  thermal  e m i s s i v i t y ,  i n c r e a s e d  work-funct ion and dec reased  

b i n d i n g  energy  f o r  cesium. A t y p i c a l  c r a c k i n g  procedure  used b e f o r e  

one s t u d y  w a s  t o  crack C2H2 a t  a p r e s s u r e  of 5 x 10-6 to r r  f o r  one 

h o u r  a t  1850°K. 

i n t e r e s t e d  i n  s t u d y i n g  t h e  s u r f a c e  f o r  a long  p e r i o d  of t i m e  i n -  

c l u d i n g  h igh  tempera tures .  To g e t  r i d  of t h e  carbon i n  t h e  s u r f a c e  

formed i n  t h e  above manner would p robab ly  r e q u i r e  about an hour a t  

5 x lOW5torr of p u r e  oxygen. 

c a r b i d e d  s u r f a c e  starts appear ing  w i t h  a lower ing  of e m i s s i v i t y  and 

a f t e r  c y c l i n g  of h igh  tenlperature  and more oxygen, t h e  c h a r a c t e r i s -  

t ics  of oxygenated t u n g s t e n  appear ,  I f  t h e  oxygen is t u r n e d  o f f  

when oxygenated c h a r a c t e r i s t i c s  f i r s t  appears  h e a t i n g  to high  t e m -  

p e r a t u r e s  w i l l  u s u a l l y  r e e s t a b l i s h  t h e  c a r b i d e  characteristics, 

r e q u i r i n g  more oxygen f o r  complete removal.  

0 

Much s h o r t e r  t i m e s  have been used when w e  were not 

Evidence of r e t u r n i n g  back t o  t h e  non- 
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Once d u r i n g  c a r b u r i z a t i o n  a poisoned  c o n d i t i o n  r e s u l t s ,  

T h i s  po i son ing  l a te r  disappeared.  A t  a much la ter  t i m e  when car- 

bon w a s  s p u t t e r e d  on a t  i o n  o p e r a t i n g  t empera tu res ,  t h e  i n i t i a l  

e f f e c t  was to i n c r e a s e  n e u t r a l s .  However, when t h i s  s u r f a c e  was 

heated t o  above 1800°K f o r  a s h o r t  t i m e  t h e  f a m i l i a r  ''carbide" su r -  

f a c e  w a s  i n  evidence.  Later s p u t t e r i n g  of carbon o n t o  t h i s  s u r f a c e  

d i d  n o t  i n c r e a s e  t he  now very l o w  va lue  of n e u t r a l s .  T h i s  s u g g e s t s  

t h a t  there might be some t h r e s h o l d  t empera tu re  for  t h e  fo rma t ion  

of t h e  des i rous  s u r f a c e  and t h a t  once i t  starts t o  form, more can 

form e a s i l y  a t  reduced temperatures ,  

0 Very good conf i rmat ion  of these f i n d i n g s  and c o n c l u s i o n s  

are provided  by t h e  work of J. B. B a k e r  and G. B. Gaines  (10) 

They c l e a r l y  f i n d  less e l e c t r o n  emiss ion  f r o m  a W2C layer than  f o r  

c l e a n  t u n g s t e n  and t e n  t i m e s  more emiss ion  from WC. 

s i o n  of s tates from f r e e  carbon t o  WC t o  W2C and f i n a l l y  t o  c l e a n  

Tv is c l e a r l y  demonstrated,  

T h e i r  progres-  

F i g u r e  5 i l l u s t r a t e s  t h e  d i f f e r e n c e  between t h e  d e s i r o u s  

carbide l a y e r  and c l e a n  tungsten.  Here t h e  e l e c t r o n  emiss ion  is 

shown v e r s u s  emitter temperature  w i t h  a c o n s t a n t  c e s i u m  f e e d  rate. 

The s t r a i g h t  l i n e  p o r t i o n  of t he  carbide c u r v e  a t  h igh  t empera tu re  

i n d i c a t e s  a work-function increase from 4.7 v o l t s  for c l e a n  tung- 

a t s n  t o  about  4.9 v o l t s .  This w i l l  r e s u l t  i n  less n e u t r a l s  unde r  

i o n  emiss ion ,  The n e a r l y  two decade lower "vd12ey" i n d i c a t e s  t h a t  

a smaller c e s i u m  coverage e x i s t s  at any temperature i n  t h e  i o n  
0 
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e m i t t i n g  range  and t h a t  the cesium b ind ing  energy  is less. T h i s  

w i l l  decrease t h e  c r i t i ca l  tempera ture .  An o b s e r v a t i o n  has  been 

t h a t  t h e  t empera tu re  a t  w h i c h  t h e  work-funct ion is about  3 . 7  v o l t s  

f o r  e l e c t r o n  emiss ion  w i l l  be t h e  c r i t i c a l  t empera tu re  under  i o n  

emiss ion .  T h i s  is equ iva len t  t o  t h e  o b s e r v a t i o n  t h a t  j u s t  below 

t h e  c r i t i c a l  t empera tu re  t h e  i o n  c u r r e n t  is about  10% of tha t  a t  

h igh  t empera tu res .  The Saha-Langmuir e q u a t i o n  p r e d i c t s  a r a t io  of 

10: 1 between n e u t r a l s  and ions  f o r  3.7 v o l t s  and 1 5 0 0 O K .  

c r i t e r i o n  predicts 1200°K as t h e  c r i t i ca l  t empera tu re  fo r  t h e  car- 

b ide  and 1 3 0 0 ° K  f o r  t h e  c l ean  t u n g s t e n .  

A f u r t h e r  characterist ic of t h e  "ST7 shaped c u r v e  f o r  t h e  carbide 

As t h e  h igh  e l e c t r o n  emission at  l o w  temperatures. T h i s  carbide 

holds cesium more t i g h t l y  at l o w  t empera tu re  and less t i g h t l y  a t  

high tempera ture  t h a n  does c l ean  t u n g s t e n .  Carbon is known t o  act 

i n  a similar manner fo r  barium cathodes. Carbon is used t o  

T h i s  

T h i s  is, indeed ,  t h e  case. 

i n h i b i t  e l e c t r o n  e m i s s i o n  at  h ighe r  t empera tu res  by a l lowing  t h e  

barium t o  evaporate. A t  low t empera tu res  e l e c t r o n  emiss ion  is 

ehhanced by t h e  carbide. (11) 

The i o n  emiss ion  characteristics are shown i n  f i g u r e  6 .  

The c r i t i c a l  t empera tu re  is a t  1200°K as predicted. The n e u t r a l s  

are lower t h a n  fo r  c l e a n  tungs ten  and t h e  n e u t r a l s  have n e a r l y  

t h e  v a l u e  and tempera ture  dependence predicted by t h e  Saha-Langmufr 

e q u a t i o n .  % f r a c t i o n  = 100 [1 + 1 e x p  e(g - 3.9)I-l  . The s teady  

d e c l i n e  of n e u t r a l s  as temperature  I s  decreased t o  w i t h i n  a fev 
kT 

degrees of c r i t i ca l  temperature  is a characterist ic of t h i s  s u r -  

f ace. 
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The s u p e r i o r  i o n  emission of t u n g s t e n  c a r b i d e  is off- 

se t  by its h ighe r  thermal  e m i s s i v i t y .  One measurement of a 

carrbided porous  t u n g s t e n  y i e lded  a va lue  of 0.45. S i n c e  t h i s  

v a l u e  is c o n s t a n t  w i t h  temperature  i t  is n o t  too much h i g h e r  

t h a n  f o r  c l e a n  porous tungs ten  a t  t h e  i o n  o p e r a t i n g  tempera- 

t u r e s  above 1500°K. 

and back etc., i s  reduced by t h e  lower c r i t i ca l  t empera tu re ,  t h e  

c a r b i d e  s u r f a c e  might be capable  of o p e r a t i n g  a t  a b e t t e r  power 

e f f i c i e n c y  d e s p i t e  t h e  higher  e m i s s i v i t y .  

A l s o  s i n c e  t h e  h e a t  los t  o u t  of t h e  s i d e s  

- C a l c i u m  

a These studies have been plagued f o r  y e a r s  by a low work- 

f u n c t i o a  po i son  t h a t  appears  on the s u r f a c e  a f t e r  a p e r i o d  of 

c e s i u m  o p e r a t i o n .  T h i s  poison would n o t  show up i n  vacuum elec- 

t r o n  emiss ion  measurements, p r i o r  t o  c e s i u m  o p e r a t i o n .  These meas- 

urements  would i n v a r i a b l y  i n d i c a t e  an  oxygenated s u r f a c e  of over  

5 v o l t s  work-function. Even w i t h  c e s i u m ,  i f  t h e  t empera tu re  neve r  

exceeded 1600°K or so, t h e  poison might n o t  show up. With exces- 

s i v e  oxygen c o n d i t i o n s  (poor vacuum) t h e  p o i s o n  would n o t  appear.  

However, improved vacuum and h i g h e r  t empera tu re  allow t h e  po i son  

t o  appear  a f t e r  o p e r a t i n g  i n  c e s i u m  f o r  a s h o r t  p e r i o d .  The s tand-  

a r d  method of r i d d i n g  o u r s e l v e s  of t h i s  po i son  w a s  t o  t u r n  off 

erle  v u ~ ~ a g e  ( t h i s  prevents iiiidue aputteeriiig aild ra ises  the ees im 

coverage throughout  t h e  porous t u n g s t e n ) ,  c o n t i n u e  t o  f low c e s i u m  

through the porous tungs ten ,  and h e a t  f o r  h o u r s  at abwe 20EQ°K. 

J.1- - ----I L 
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For t i m e s  a f t e r  t h i s ,  traces of t h e  po i son  might be detected. 

I t  would  appear  on the  s u r f a c e  a f t e r  h igh  t empera tu re  o p e r a t i o n .  

A t  h igh  t empera tu re ,  a l t h o u g h  i t  would a r r i v e  a t  t h e  s u r f a c e  more 

r a p i d l y ,  i t  w o u l d  evapora t e  even more r a p i d l y  and so have an un- 

d e t e c t a b l y  l o w  s u r f a c e  coverage. 

Repeated a t t e m p t s  t o  i d e n t i f y  t h i s  material by  o p t i c a l  or 

X-ray spec t roscopy  f a i l ed .  We w o u l d  know t h a t  t h e  material w a s  

be ing  evapora t ed  off  o n t o  our g r i d  w i r e s  because of t h e i r  e l e c t r o n  

emiss ion  characteristics and t h e  fact  t h a t  w e  could r e e v a p o r a t e  i t  

o n t o  o u r  porous  t u n g s t e n  and r e p o i s o n  it. The q u a n t i t y ,  however, 

w a s  always too s m a l l  t o  d e t e c t .  

We s u s p e c t e d  t h a t  t h e  po i son  might be barium because o u r  

porous  t u n g s t e n  manufac tu re r ' s  main b u s i n e s s  w a s  p roducing  b a r i u m  
a 

impregnated porous  tungs t en .  When b a r i u m  w a s  evapora t ed  o n t o  o u r  

sources, i t  proved t o  be very bad indeed.  However, w e  now b e l i e v e  

o u r  po ison  has  been calcium, T h i s  material is common - the c h i e f  

impur i ty  i n  t a p  water. Some t u n g s t e n  manufac tur ing  p r o c e s s e s  u s e  

c a l c i u m .  O u r  t es t s  showed calcium acted l i k e  o u r  familiar poison.  

On t o p  of a l l  t h i s ,  t h e  people who i n i t i a l l y  s i n t e r e d  o u r  porous  

t u n g s t e n  now t e l l  u s  c a l c i u m  w a s  one of t h e i r  main i m p u r i t i e s .  

When t h e y  f i r e d  t h e  porous  tungs t en  i n  a hydrogen fu rnace ,  t h e  ex- 

cess hydrogen be ing  burned o f f ,  burned w i t h  a red flame: 

The tests on caicium w e r e  m o s t l y  q u a l i t a t i v e ,  despite a 

l o n g  period of s t u d y .  We d i d  not know o u r  c a l c i u m  a r r i v a l  ra te ,  

Its i n f l u e n c e  depended on t h e  l e n g t h  of exposure and a t  what a 
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t empera tu re  i t  was made. After exposure  w a s  s t o p p e d ,  t h e  ca l c ium 

would migrate from t h e  i n t e r i o r  and r e p l e n i s h  the c a l c i u m  evapo- 

r a t i n g  from t h e  s u r f a c e .  Severe  p o i s o n i n g  w o u l d  occur and t h i s  

po i son ing  w o u l d  p e r s i s t  for many minu tes  a t  t e m p e r a t u r e s  above 

1 6 0 0 ° K .  

Some of the r e s u l t s  of t h e  c a l c i u m  s t u d i e s  are shown i n  

f i g u r e s 7 ,  8 and 9. F igu re  7 shows t h e  s e v e r i t y  of t h e  i n i t i a l  

p o i s o n i n g  and the s l o w  decay of t h e  p o i s o n i n g  f o r  a s m a l l  amount 

of c a l c i u m  d e p o s i t e d  on the s u r f a c e .  F i g u r e  8 shows t h e  e f f e c t  

on t h e  t u n g s t e n  work-function w i t h o u t  c e s i u m .  F i g u r e  9 shows t h e  

e f fec t  w i t h  cesium ( the  "S" shaped curve.)  

I t  appears t h a t  i n  a d d i t i o n  t o  lower ing  t h e  work-funct ion 

and c a u s i n g  m o r e  n e u t r a l s ,  ca l c ium increases t h e  b i n d i n g  ene rgy  of 

cesium a t  some s i t e s  and i n c r e a s e s  the  c r i t i ca l  t empera tu re  and 

even  f u r t h e r  r e d u c e s  t h e  work-function a t  higher  and h igher  ces ium 

f l o w  rates.  Sometimes t h e r e  is a h i g h  pseudo c r i t i c a l  t empera tu re  

(of t e n  > 1700%) ,which is t h e  t empera tu re  n e c e s s a r y  t o  e v a p o r a t e  t h e  

c a l c i u m  off  t h e  s u r f a c e  as f a s t  as  i t  migrates f r o m  t h e  i n t e r i o r . )  

S i l i c o n ,  Boron, Ch lo r ine ,  and F l u o r i n e  

I n  f i g u r e  10, the e l e c t r o n  emiss ion  " S "  shaped cu rve  is 

shown for  po rous  t u n g s t e n  on which h i g h  p u r i t y  s i l i c o n  metal w a s  

evaporated, o p e r a t i n g  w i t h  a cesium feed rate e q u i v a l e n t  t o  1 m a /  

c m  . As its chemical  s i m i l a r i t y  t o  carbon might s u g g e s t ,  t h e  c u r v e  

resembles t h a t  of carbided tungs t en .  S i l i c o n  i n c r e a s e s  t h e  h i g h  

t empera tu re  work-function (5.1 v o l t s  f o r  s i l i c o n  VS. 4.9 v o l t s  f o r  

2 
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MINUTES 

F igure  7 .  Cesium n e u t r a l  f r a c t i o n  from porous tungsten v e r s u s  
time 3fter exposure to  calcium (T = 1600°K, j = 0.5 
ma/cm 1 .  
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F i g u r e  8 .  E l e c t r o n  current  v s  temperature from porous tungs ten  
a t  vary ing  t i m e s  a f t e r  exposure  to  calcium (with no 
cesium p r e s e n t ) .  
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F i g u r e  9 .  E l e c t r o n  c u r r e n t  d e n s i t y  v s  t e m  erature from porous  
t u n g s t e n  i n  presence  of 1 ma/cm' cesium under d i f -  
f e r e n t  c o n d i t i o n s .  
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carbon) ,  and t h e  minimum is deeper  t h a n  f o r  c l e a n  tungs t en .  Con- 

s i s t e n t  w i t h  t h i s  is t h e  obse rva t ion  t h a t  porous  t u n g s t e n  w i t h  

s i l i c o n  on i t  is  s u p e r i o r  t o  c l e a n  tungs t en  as  an  i o n  emitter w i t h  

e s s e n t i a l l y  t h e  same c r i t i c a l  t empera tu re  b u t  w i t h  approximate ly  

h a l f  t h e  n e u t r a l s ,  No measurements of thermal  e m i s s i v i t y  were t aken  

on t h e  porous  t u n g s t e n  covered w i t h  s i l i c o n .  No obvious  change w a s  

no ted .  

S i l i c o n  is a common impur i ty  i n  tungs t en  and w a s  s u s p e c t e d  

as be ing  a poison.  B e c a u s e  of i ts s m a l l  a f f e c t  on i o n  e m i s s i o n  its 

presence  is probably  of no s i g n i f i c a n c e  u n l e s s  i t  e n t e r s  i n t o  some 

chemical compound t h a t  can affect  the r e s i d e n c y  of some more impor- 

t a n t  material on t h e  s u r f a c e .  

Boron w a s  i n v e s t i g a t e d  because of t h e  s u g g e s t i o n  t h a t  it 

might  be connected w i t h  observed poisoning .  I t  had v e r y  l i t t l e  aC- 

fect  on t h e  i o n  or n e u t r a l  e m i t t i n g  p r o p e r t i e s  of c l e a n  -tungsten. 

It w a s  observed t h a t  c h l o r i n e  had no affect  on the opera- 

t i o n  of an ior, emitter. T h i s  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g  of 

M. D. Scheer and J. F ine  (l2)who found no d i f f e r e n c e  whether t h e i r  

atomic beam was c e s i u m  atoms or  C s C l  molecules. T h i s  is expec ted ,  

s i n c e  it is r e p o r t e d  i n  the l i t e ra ture  t h a t  c h l o r i n e  comple te ly  de- 

sorbs a t  i o n  o p e r a t i n g  temperatures .  T h i s  o b s e r v a t i o n  means t h a t  

a metal whose d e p o s i t i o n  is to  be s t u d i e d  can be evapora t ed  o n t o  

t h e  t u n g s t e n  zs 8 chlnride ,  if the chloride is s u f f i c i e n c y  vola- 

t i l e  and o b t a i n a b l e  i n  h igh  p u r i t y  w i t h o u t  i n t r o d u c i n g  s ide  e f fec ts  

d u e  t o  t h e  c h l o r i n e ,  
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F l u o r i n e  dces n o t  l ead  t o  p o i s o n i n g  of any s o r t .  I t  

was s u s p e c t e d  t h a t  i t  d i d .  I t  a c t s  l i k e  oxygen - lowers the 

n e u t r a l s  and ra ises  t h e  c r i t i ca l  t empera tu re .  The most: s u c -  

c e s s f u l  method of d e p o s i t i n g  f l u o r i n e  is' by the  d i r e c t  zvapo- 

r a t i o n  of CsF. 

I CLEAN TUNGSTEN DATA 

Achievement of a Clean Sur face  
-I_- I 

For n e a r l y  two yzars w e  were ur1;:bl.e t o  achieve a cl(;an 

s u r - r - ' x e  because of the ~~uas..: <:e nf jrAtamlnants, our ir;i.xpcri - 
ence ,  and uur L i m i t i i i g  vacuurll E;:..c.ri : i t e r  a c q u i i i r A g  a s u f f i -  

c i e n t l y  good v a c u u a  t o  maintain a c l e a n  surface, i t  was many 

months b e f o r e  w e  produced 3 cJe-n Lk:ngsten s u r f a c e  even  Lhough 

t h e  porous t u n g s t e n  had been heated a t  2000°K for h o u r s ,  

surface w a s  f i r s t  prGduced by  s p u t t e r i n g .  O u r  f i r s t  c l u e  t o  t h e  

u s e f u l n e s s  of s p u t t e r i n g  came th rough cases of i n a d v e r t e n t  s p u t -  

t e r i n g  c l e a n i n g  up o u r  poison. c t  o n e  p e r i o d  a c y s t e r y  w a s  t h e  

improvement of o p e r a t i o n  by app ly ing  higher  v o l t a g e  Soon the  

e f fec t  of e l e c t r i c  f i e l d  was r u l e d  o u t ,  because an i n c r e a s e  i n  

t h e  n e g a t i v e  v o l t a g e  on t h e  a c c e l e r a t i n g  grids w o u l d  r i o t  a f f e c t  

t h e  improvexent ,  I t  soon became a p p a r e n t  t h a t  t h e  improvement 

w a s  caused  by s p u t t e r i n g  from n e g a t i v e  i o n s ,  (probably  n e g a t i v e  

copper  i o n s  (13') t h a t  would p e n e t r a t e  th rough t h e  g r i d  wi re s  

when i n s u f f i c i e n t  n e g a t i v e  vo l tage  was a g p l i e d  t o  t h e  g r i d s  corn-- 

p a r e d  t o  t h e  p o s i t i v e  s o u r c k ; ,  

a 
A c l e a n  

a 
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Another  case of i n a d v e r t e n t  s p u t t e r i n g  w a s  d i s c o v e r e d  

t o  be t h e  cause of l i m i t i n g  t h e  h i g h  e l e c t r o n  c u r r e n t  peak of 

t h e  ccS" shaped cu rve  when, s a y  t h e  oxygenated s u r f a c e  w a s  be- 

i n g  s t u d i e d ,  I t  t u r n e d  o u t  t h a t  a t  t h e  v e r y  h igh  e l e c t r o n  c u r -  

r e n t s ,  t h e  a c c e l e r a t i n g  g r i d  wires were b e i n g  e l e c t r o n  bombarded 

and h e a t e d  above c r i t i ca l  t empera tu re .  Consequent ly  c e s i u m  evap- 

orated from t h e  porous  tungs t en ,  upon h i t t i n g  t h e  h o t  g r i d s ,  were 

conve r t ed  t o  i o n s  and were a c c e l e r a t e d  t o  t h e  n e g a t i v e  porous  

t u n g s t e n ,  s p u t t e r i n g  o f f  t h e  oxygen t h a t  w a s  r e s p o n s i b l e  f o r  t h e  

h igh  c u r r e n t ,  e tc .  The u s e  of t h e  h e a t e d  upper g r i d s  t o  produce 

i o n s  which would s p u t t e r  t h e  n e g a t i v e  porous  t u n g s t e n  became o u r  

pr ime t o o l ,  We u s e d  s p u t t e r i n g  t o  c l e a n  o f f  remnants  of p o i s o n s  

or oxygen, (This  too l  w a s  p o s s i b l e  because of  t h e  f l e x i b i l i t y  of  

t h e  a c c e l e r a t i n g  s y s t e m  used w i t h  t h e  one-inch-diameter  sources. 

T h i s  a c c e l e r a t i n g  s y s t e m  w a s  t w o  s e t s  OP t u n g s t e n  g r i d s ,  each of 

0 

which cou ld  be h e a t e d  up  under o p e r a t i o n  (14) o )  

Clean ing  b y  s p u t t e r i n g  is i l l u s t r a t e d  i n  f i g u r e  11 where 

oxygenated  W is c l e a n e d  up a f t e r  30 minutes  of s p u t t e r i n g .  The 

accompanying i o n  e m i s s i o n  curves  are shown i n  f i g u r e  12 .  Curve 

A is h e a v i l y  oxygenated ( a s  i f  t h e  s o u r c e  had been exposed t o  oxy- 

gen r e c e n t l y  b u t  no oxygen p r e s s u r e  was p r e s e n t  a t  t h e  t i m e  of meas- 

urement) and t h e r e w a s  an  i n c r e a s e  i n  c r i t i ca l  t empera tu re  as would 

be p r e d i c t e d  from t h e  f i g u r e  11. F i g u r e  13 i n d i c a t e s  t h e  ra te  t h a t  

oxygen m i g r a t e s  back o n t o  the c l e a n  s u r f a c e  a f t e r  s p u t t e r i n g  has 

c e a s e d .  Note t h e  obvious  s i g n  of oxygen. A f t e r  a few m i n u t e s  t h e  0 
work-funcyion is h i g h e r  and t h e  c e s i u m  coverage  is i n c r e a s e d  as t h e  
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F i g u r e  11. E l e c t r o n  emission "S" shaped curves f r c r m  p o r o u s  
t u n g s t e n  i n  cesium ( 1  ma/cm2) a s  oxyqen is removed 
by s p u t t e r i n g .  
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F i g u r e  12.  Cesium neutra l  f r a c t i o n  v e r s u s  temperature from a 
porous tungsten i o n i z e r  oxygenated (A)  and sput- 
t e r e d  c l e a n  ( C ) .  
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F i g u r e  13. E l e c t r o n  e m i s s i o n  ''S" shaped c u r v e s  from t u n g s t e n  
i n  ces ium (1 ma/cm2) a s  oxygen r e t u r n s  after s p u t -  
t u r i n g .  
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t e m p e r a t u r e  is d e c r e a s e d .  However, t h e  d e g r e e  of oxygena t ion  

is st i l l  v e r y  s l i g h t  aiid our 3.7 v o l t  r u l e  w o u l d  p r e d i c t  n e g l i -  

F i g u r e  1 4  shows t h e  ac- 

e s s e n t i a l  c u r v e s  have t h e  

g i b l e  s h i f t  i n  c r i t i c a l  t empera tu re .  

companying i o n  e m i s s i o n  curves .  A l l  

f e a t u r e s  of c l e a n  t u n g s t e n .  

S" Shaped Curve 

As w e  have s e e n  i n  many p r e v  o u s  i n s t a n c e s ,  ,he elec- 

t r o n  emiss ion  'IS" shaped curve can more a c c u r a t e l y  i d e n t i f y  a 

s u r f a c e  t h a n  t h e  i o n  emiss ion  c h a r a c t e r i s t i c s .  I n  f i g u r e  15 

we see t h e  ' IS" shaped  curve  for c l e a n  t u n g s t e n  o p e r a t i n g  i n  a 

ces ium f l o w  ra te  e q u i v a l e n t  t o  1 m a / c m 2 .  A s  a lways  w e  have t h e  

e l e c t r o n  emiss ion  expec ted  from s u r f a c e s  of  c o n s t a n t  work-func- 

t i o n  c a l c u l a t e d  from t h e  Richardson e q u a t i o n  w i t h  A = 120 amps/ 

cm2Ko superimposed on t h e  graph s o  t h a t  t h e  work- f u n c t i o n  of 

t h e  cesium covered  s u r f a c e  c a n  be read o f f  a t  any  t e m p e r a t u r e .  

The c l e a n  t u n g s t e n  h a s  a high t e m p e r a t u r e  b a r e  work- func t ion  

of 4 .7  v o l t s .  The d e p t h  and wid th  of  t h e  v a l l e y  is an i d e n t i -  

f y i n g  f e a t u r e  of c l e a n  tungs t en .  A l s o  w e  have come t o  e x p e c t  

a minimum t o  maximum r a t i o  of  about a thousand a t  t h i s  c u r r e n t  

d e n s i t y .  The 3.7 v o l t  r u l e  p red ic t s  a c r i t i c a l  t e m p e r a t u r e  o f  

abou t  13OO0I<.  

N e u t r a l  F r a c t i o n  V e r s u s  Temperature 

F i g u r e  16 shoi'v's the  ces ium n e u t r a l  f r a c t i o n  v e r s i i s  t e m -  

perature for t h e  c l e a n  tungs t en  o p e r a t i n g  a t  1 ma/crn2 c u r r e n t  

d e n s i t y .  The s h a r p  b reak  is a t  t h e  c r i t i c a l  temperature o f  
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- 
s l i g h t l y  l e s s  than  1300OK. Operat ions above t h e  c r i t i c a l  

tempera ture  produce more n e u t r a l s  ( t he  same i o n  c u r r e n t )  ac- 

cord ing  t o  t h e  Saha-Langmuir equat ion f (%)  = 100 11 + 1/2 
\ 

exp ( P I -  3.9)/KT) -1 The n e u t r a l  f r a c t i o n ,  f ,  p r e d i c t e d  

f rom t h i s  f o r m u l a  is p l o t t e d  i n  t h i s  curve as s t r a i g h t  l i n e s .  

More p e r f e c t  c o r r e l a t i o n  wi th  t h e o r y  could  h a r d l y  be asked 

for .  I n  t h i s  case where the  s u r f a c e  coverage remains l o w  

as the temperature  is lowered towards c r i t i c a l  temperature ,  

t h e  work-function can be i n f e r r e d  from t h e  n e u t r a l  f r a c t i o n .  

T h i s  i s  not  t r u e  a t  h igher  c u r r e n t  d e n s i t i e s  or fo r  oxygen- 

ated tungs ten .  

N e u t r a l  F r a c t i o n  V e r s u s  Ion Current  Dens i ty  

2 The e x c e l l e n t  agreement w i t h  t heo ry  a t  1 m a / c m  i n -  
0 

dicates t h a t  t h e  porous zirtlire of t h e  surface is not  affect- 

i n g  t h e  r e s u l t s .  We w o u l d  t h e r e f o r e  expec t  t h e  same r e s u l t  

( i f  t h e  temperature is he ld  c o n s t a n t  and above t h e  c r i t i ca l  

temperature a t  t h e  h i g h e s t  c u r r e n t  d e n s i t y  t o  be measured) a t  

lower c u r r e n t  d e n s i t i e s .  T h i s  i s  t r u e  and seen  i n  f i g u r e  17. 

A t  h ighe r  c u r r e n t  d e n s i t i e s  t h e  n e u t r a l  f r a c t i o n  i n c r e a s e s .  I n  

t h i s  s e c t i o n  we a r e  d i scuss ing  t h e  o p e r a t i o n  a t  l o w  c u r r e n t  

d e n s i t i e s .  Later w e  w i l l  treat t h e  e f f e c t  of t h e  pore d i s t r i -  

b u t i o n  a t  t h e  s u r f a c e  on the n e u t r a l  f r a c t i o n  a t  h igh  i o n  c u r -  

r e n t  density. 

Crit ical  Temperature Versus Curren t  Dens i ty  

0 I n  f i g u r e  18 is shown t h e  c r i t i ca l  temperature  f o r  c l e a n  
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Figure 18 .  C r i t i c a l  temperature of porous tungsten v e r s u s  cesium 
i o n  current d e n s i t y .  
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tungs t en  a t  d i f f e r e n t  i o n  c u r r e n t  d e n s i t i e s  w i t h  t h e  d a t a  f o r  

carb ided  porous tungs ten  shown for comparison. Oxygenated 

(weakly  w i t h  n e g l i g i b l e  oxygen p r e s s u r e )  t ungs t en  a t  one c u r -  

r e n t  d e n s i t y  is  also shown. S t r a i g h t  l i n e s  are drawn through 

t h e  d a t a  p o i n t s .  The s lope  does  not  ag ree  w i t h  anyone ' s  pre-  

d i c t i o n s .  The l i n e s  shown have a s l o p e  of about 1.3 v o l t s ,  An- 

a l y s i s  and data by u s  (15)in t h e  p a s t  i n d i c a t e  

tungs t en  t h e  s l o p e  s h o u l d  be 2 .2  v o l t s .  

m u i r ' s  data g i v e s  2.85 v o l t s .  

about  2 .5  v o l t s .  

t i m e  t o  have a s l o p e  of  2.04  v o l t s .  T h i s  observed lower s l o p e  

p r e d i c t s  h igher  cr i t ical  temperatures  a t  t h e  h igher  c u r r e n t  den- 

s i t i e s  of i n t e r e s t  i n  i on  engines  than  p rev ious  t h e o r i e s  r e l a t i n g  

t o  s o l i d  tungs t en  w o u l d  p r e d i c t .  

t h a t  f o r  s o l i d  

Analysis( lG)of  I .  Lang- 

T. Reynolds p r e d i c t s  a s l o p e  of 

M. D. Scheer and J. F i n e ( 1 2 ) f i n d  an i o n  l i f e -  

CHARACTERIZATION OF THE POROUS TUNGSTEN 
~ ~ ~- 

These p rev ious  data taken  a t  l o w  c u r r e n t  d e n s i t y  were 

from one-inch-diameter porous tungs ten  d i s c s ,  0.030" t h i c k  brazed 

i n t o  a molybdenum assembly t h a t  inc luded  plenum chamber, h e a t e r  

imbedded i n  A1203,  and feed t u b e .  The porous tungs t en  w a s  s i n -  

tered, machined and brazed by Semicon of C a l i f o r n i a ,  Inc. ,  a t  

Watsonvi l le  ( t h e  o p e r a t i o n  h a s  been disbanded and some person- 

n e l  has  formed Spectra-Mat, Inc . ,  Freedom, C a l i f o r n i a ,  and o t h e r s  

have j o i n e d  t h e  p a r e n t  company, Semicon of Lexington, Kentucky) a 

The methods u s e d  were p r o p r i e t a r y .  Our bes t  in format ion  is t h a t :  
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(1) s i n t e r i n g  w a s  above 20OO0C f o r  about a few hours  i n  hydro- 

gen (probably wet) u s ing  non-sorted angu la r  4-5 micron diameter 

powder, ( 2 )  machining w a s  f i n e  c u t s  on t h e  l a t h e  wi th  t h e  p o r e s  

f i l l e d  w i t h  acryl ic  p l a s t i c  polymerized i n  t h e  p o r e s  followed by 

f i r i n g  i n  wet hydrogen t o  evaporate  and decompose the  p l a s t i c  and 

burn o u t  any r e s u l t i n g  carbon, (3) braz ing  wi th  unknown materials 

was done i n  hydrogen. ( t h e  l a t e r  s o u r c e s  were hel iarc-welded.)  

The r e s u l t i n g  porous tungs t en  w a s  about 80% dense,  had a 

s h i n y  s u r f a c e  wi th  a l o w  t o t a l  hemispherical  t he rma l  e m i s s i v i t y ,  

and w o u l d  have a t r a n s m i t t i v i t y  if 1 c m  t h i c k  of about 0.3 x 

The observed pore  s ize  and d i s t r i b u t i o n  w a s  never  analyzed i n  de- 

t a i l .  We f e l t  b u l k  p r o p e r t i e s  as determined by me ta l log raph ic  prep- 

a r a t ion  and c e r t a i n  other methods of a n a l y s i s  were of l i t t l e  u s e .  

We are i n t e r e s t e d  i n  the maxizr the pzres emerge onto t h e  s u r f a c e  

which is t e s t e d .  We would make t h e  t e s t s  on t h e  s u r f a c e  as re- 

ce ived  or  a l t e r e d  by m i l d  s p u t t e r i n g  and oxydat ion.  The as-re- 

ce ived  s u r f a c e  as s t u d i e d  under t h e  microscope had open c r a c k s  

sur rounding  t h e  f la t - topped  s i n g l e  c r y s t a l  p a r t i c l e s  r a t h e r  t han  

holes. T h i s  p o s s i b l y  r e s u l t e d  from the  r e s i n t e r i n g  of t h e  s u r f a c e  

burn ished  by machining dur ing  p l a s t i c  removal and braz ing .  The 

surface appearance w a s  compatible w i t h  t h e  s ize  p a r t i c l e s  (4-5p) 

u s e d  which would produce about 4 x 10 p a r t i c l e s / c m  . 6 2 

The fo l lowing  higher c u r r e n t  density d a t a  were taken on 

5/32" diameter, 0.020'' t h i ck  porous tungs ten  d i s c s  manufactured by 

P h i l i p s  Metalonics  and Elec t ro-Opt ica l  Systems, Inc .  P h i l i p s  Mod 

A porous tungs t en  has  a s t a t e d  (by manufacturer)  mean po re  diameter 
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6 of 4.3 microns, has  a pore  count of 0 . 7  x 10 /cm2 and unknown 

t r a n s m i t t i v i t y ,  R h i l i p s  Mod B h a s  a stated mean pore  diameter 

of 3.6 microns, 3 h i l i p s  Mod C has a s ta ted mean pore  diameter 

of 2 . 1  microns, a pore  c o u n t  of 2 . 3  x 10 /cm2 and an e s t ima ted  

t r a n s m i t t i v i t y  t h i c k n e s s  product of 1 x 1 0 m 5 c m .  

porous tungs ten  has  a s t a t ed  average pore  s i ze  of 0 .9  micron ,  

d e n s i t y  of Sl%, open pore  count of about 2 x 10 / c m  , a t r a n s -  

m i t t i v i t y  t h i c k n e s s  product  of 0.85 x c m  c o r r e c t e d  from a 

measured Knudsen leal; ra te  with h e l i u m  of 0.55 cc/sec, (This  is 

a Knudsen p e r m e a b i l i t y  of 1.55 x 

a i r ) .  

6 

E . O . S .  E-6 

6 2  

-1 gm c m  sec-’ torr-’ t o  

PROGRPM TO ACHIEVE HIGH CURRENT DENSITY -- 
Experimental  L i m i t a t i o n s  

1___-- 

The one-inch diameter porous tungs t en  w i t h  a f i n e  tung- 
2 s t e n  w i r e  accelerator assembly could be run  a t  10 m a / c m  , o n l y  

w i t h  d i f f i c u l t y .  The i n s u l a t i o n  was marginal  a t  high vo l t age .  

The electrostat ic  a t t r a c t i o n s  between t h e  f i n e  w i r e s  would cause 

them t o  attract  t o g e t h e r  and s h o r t ,  e s p e c i a l l y  when they  were be- 

i n g  hea ted  du r ing  ope ra t ion  a t  h igh  v o l t a g e .  A l s o  t h e  large area 

(5 c m  ) made t h e  power consumption excess ive  - t a x i n g  a u r  power 

s u p p l i e s  and making cool ing  and ou tgass ing  problems more seve re .  

2 

Along w i t h  t h e  progran t o  s t a d y  a p r o u s  t u n g s t e n  material 

made by  a range of manufacturers,  w e  wished t o  i n c r e a s e  t h e  c u r -  

r e n t  d e n s i t y  c a p a b i l i t y .  The r e s u l t  w%s  t h e  adopt ion  of 5/32” di3.m- 

eter porous tungs ten  mou,itod i n  a Pierce ang le  cone f a c i n g  it 



84 13 -60 14 -SU-000 
Page 48 

Figure 19 .  Photographs of t h e  assembly to  mount and heat  
5/32" diameter porous tungsten p e l l e t s .  
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copper  accelerator w i t h  a n  a p e r t u r e  of s o u r c e  diameter one diarn- 

eter away. ( F i g u r e  199 T h i s  sys t em had a much greater e f f e c -  

t i v e  a c c e l e r a t i n g  d i s t a n c e  ( .075" i n  t h e  o ld  sys t em t o  0.160'' 

i n  t h e  new sys tem)  so  t h a t  much h i g h e r  v o l t a g e s  would be r e q u i r e d  

t o  g e t  even  t h e  same c u r r e n t  d e n s i t y .  The v o l t a g e  i n s u l a t i o n  w a s  

improved a c c o r d i n g l y .  

2 T h i s  assembly a l l o w s  easier o p e r a t i o n s  t o  10 m a / c m  . W e  

have ex tended  t h e  m e a s u r e m e n t  t o  16 m a / c m  . However a t  t i m e s  w e  2 

are s e r i o u s l y  bothered by huge  e l e c t r o n  " d r a i n "  c u r r e n t s  f rom the 

accelerator electrode t o  the  source. These c u r r e n t s  and how t h e y  

are t o  be e l i m i n a t e d  by  a p p l y i n g  t h e  a c c e l e r a t i n g  f i e l d  w i t h  a n  

electrode i n  t h e  p l a n e  of t h e  emitter are d i scussed  i n  a l a t e r  

s e c t i o n .  

E f f e c t  of Accelerator S t r u c t u r e  on N e u t r a l  Measurements 

I n  order t o  unambiguously measu re  t h e  n e u t r a l  f r a c t i o n  

l e a v i n g  t h e  t u n g s t e n  sur face  ( n o t  t h e  n e u t r a l  f r a c t i o n  e s c a p i n g  

f rom t h e  e n g i n e ) ,  and i n  o r d e r  t o  p r e s e r v e  t h e  s i m p l e  c a l i b r a t i n g  

p r o c e d u r e  of t u r n i n g  off t h e  v o l t a g e ,  w e  made our a c c e l e r a t i o n  

electrode v e r y  open.  The c e n t r a l  a p e r t u r e  was su r rounded  by 6 

s i m i l a r  a p e r t u r e s .  T h i s  p r e s e n t e d  as l i t t l e  s c a t t e r i n g  area as 

p o s s i b l e  t o  t h e  n e u t r a l s .  S e r i o u s  error can  r e s u l t  f r o n  imprap-  

er i n t e r p r e t a t i o n  of t h e  n e u t r a l  measurements  when a large amount 

of s c a t t e r i n g  is p r e s e n t .  To help i l l u s t r a t e  t h i s  i m p o r t a n t  p o i n t ,  

l e t  u s  c o n s i d e r  a s u f f i c i e n t l y  ideal case t h a t  w e  c a n  see t h e  an- 

swer and one t h a t  approaches  an  ac tua l  s i t u a t i o n .  Cons ide r  a n  i o n  
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engine of t h e  STL concept - a l a r g e  continuous surface of scal- 

l o p s  w i t h  a c c e l e r a t i n g  bars over t h e  i n t e r s e c t i o n  of t h e  scal- 

lops.  For i l l u s t r a t i v e  purposes, l e t  t h e  bars  be i n f i n i t e l y  

t h i n ,  be 50% of t h e  t o t a l  area,  and be far from t h e  emitter com- 

pared t o  t h e  bar separations,, L e t  us u s e  t w o  detectors t o  meas- 

%re ths n e u t r a l s ;  (A) looks a t  neutralfi  cnming from a l a r g e  area, 

(B) can look through t h e  bars  and sample t h e  d e n s i t y  of n e u t r a l s  

l eav ing  t h e  surface. We now apply a c e s i u m  feed rate and take off 

t h e  grid.  We w i l l  se t  the t w o  detectors t o  read 100%. We now re- 

p l a c e  t h e  gr id ,  b u t  apply no voltage.  (A) w i l l  again read 100% 

as t h e  same total  amount of c e s i u m  m u s t  even tua l ly  get  ou t  of t h e  

gr id .  The assumptions w e  made w i l l  assure t h a t  the  r e s u l t i n g  dis-  

t r i b u t i o n  w i l l  be t h e  same. Detector B, however, w i l l  read 200%b, 

s i n c e  i n  order fo r  100% t o  g e t  o u t  50% of t h e  area, t h e  s u r f a c e  

d e n s i t y  m u s t  i nc rease  by two. Now apply vol tage.  Because of t h e  

temperature, work-function, and pore d i s t r i b u t i o n ,  l e t  t h e  n e u t r a l  

f r a c t i o n  be 4%. Of course a l l  the i o n s  get o u t  of the  holes; how- 

ever;  of t h e  4% neu t ra l s ,  h a l f  are scattered by t h e  g r ids  and re- 

turned  back t o  t h e  surface and t o  first order can be considered t o  

a l l  make i o n s  which are t ransmi t ted  out  of t h e  sys tem.  Detector A 

w i l l  read 2%, Detector B w i l l  read 4%. However, both w i l l  read 2% 

of the previous voltage-off reading. Operators of both instruments  

are j u s t i f i e d  i n  saying t h a t  t h i s  2% r e p r e s e n t s  the m a s s  u t i l i z a -  

t i o n  of t h e  engine, b u t  i t  is d i f f i c u l t  f o r  them t o  correct t h i s  

2% t o  f i n d  t h e  real  4% neu t ra l  f r a c t i o n  from t h e  surface. W e  d i -  

r e c t l y  measure t h e  4% by e l imina t ing  the s c a t t e r i n g ,  
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I n  c y l i n d r i c a l  geometry i t  is  easy t o  magnify t h e  

problem. A s i n g l e  a p e r t u r e  of diameter, D, i n  a s o l i d  p l ane  

a d i s t a n c e ,  ET, above a d i s c  of diameter D, e m i t t i n g  w i t h  a 

cos ine  d i s t r i b u t i o n  p a s s e s  less than  20% of the  emit ted ma- 

t e r i a l .  I f  t h e  aper ture  diameter is 70% of t h e  e m i t t i n g  

disc, t h e  amount passed i s  reduced by ano the r  factor of t w o .  

Then only  10% of t h e  n e u t r a l s  w o u l d  get  through w i t h o u t  scat- 

t e r i n g ;  t he  o t h e r  90% would scat ter  backward and have t o  make 

ano the r  a t tempt  a t  g e t t i n g  o u t  as an i o n  or n e u t r a l .  I n  such  
# 

a s i t u a t i o n ,  t h e  n e u t r a l  d e t e c t o r  should be calibrated t o  100% 

w i t h  t h e  accelerator o f f .  The r ead ing  w i t h  accelerator and 

v o l t a g e  on w i l l  be, s a y  4%, t h e  n e u t r a l  f r a c t i o n ,  the t h i n g  * 
w e  f e e l  one should d i s c u s s  when s tudy ing  s u r f a c e s o  When t h e  v o l t -  

age  is o f f ,  t h e  n e u t r a l  detector might read 300%. T h i s  is very  

unders tandable .  However, i f  t h e  vol tage-off  r ead ing  were called 

loo%, t h e  v o l t a g e  on reading would be called 1.33%, which in-  

deed is a measure  of t h e  mass u t i l i z a t i o n ,  b u t  no t  the n e u t r a l  

f r a c t i o n .  I n  an i o n  engine,  where charge exchange i n  t h e  accel- 

e r a t i o n  r e g i o n  is of v i t a l  concern,  i t  is the n e u t r a l  f r a c t i o n  

a g a i n  t h a t  is of concern.  A s c a t t e r i n g  accelerator, a l though 

i n c r e a s i n g  the  mass u t i l i z a t i o n ,  i n c r e a s e s  t he  charge exchange 

problem by s c a t t e r i n g  t h e  n e u t r a l s  i n t o  the  a c c e l e r a t i n g  region.  (17) 

I f  some of t h e  su r face  t h a t  the  n e u t r a l  detector sees is 

a s c a t t e r i n g  s u r f a c e ,  and t h i s  surface is capable of e m i t t i n g  

i o n s  w i t h  t h e  vo l t age  appl ied,  t h e  s i t u a t i o n  is f a r  more complex. 

*If  t h e  emitter area seen  by t h e  detector is no t  reduced by t h e  
a p e r t u r e .  
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The "a1' F i e l d  Acce le ra to r  

The demand f o r  t e s t i n g  a t  h ighe r  i o n  c u r r e n t  d e n s i t i e s  

has  fo rced  u s  t o  cons ide r  another  t e s t i n g  geometry. The main 

requirement  w a s  t h e  complete e l i m i n a t i o n  of d r a i n  c u r r e n t  prob- 

lems, i n c r e a s e  i n  perveance i f  p o s s i b l e ,  and open s t r u c t u r e  f o r  

t h e  ease of d e t e c t i n g  n e u t r a l s  and t h e  ease of s p u t t e r i n g .  De- 

s i r o u s  also, would be t h e  lack  of a ho t  f o c u s i n g  electrode from 

which e l e c t r o n s  could come and confuse t h e  *'Sr shaped curves.  

These c o n d i t i o n s  a re  m e t  b e a u t i f u l l y  i n  t h e  *'n" f i e l d  ac- 

celerator where t h e  accelerator electrode is i n  t h e  p l ane  of t h e  

emitter. No material from the  accelerator can get on t h e  emitter, 

s o  i t  can be made of a r e f r a c t o r y  metal and hea ted  t o  remain it- 

s e l f  c l e a n .  Also, i t  should i n t e r c e p t  no c e s i u m  - t h e r e f o r e ,  no 

d r a i n  c u r r e n t  problems on both counts .  There is no d i s p u t e  about 

t h e  openness of t h i s  s t r u c t u r e .  There w i l l  be a s l i g h t  l i p  s u r -  

rounding t h e  emitter d i s c  which w i l l  smooth o u t  t h e  f i e l d  on t h e  

s u r f a c e ,  g ive  a concave shape t o  t h e  close e q u i p o t e n t i a l s ,  and 

launch  t h e  i o n s  s l i g h t l y  inward. The chosen geometry and t h e  

space-charge f r e e  e q u i p o t e n t i a l  are p l o t t e d  i n  f i g u r e  2 0 .  An 

e s t i m a t e d  i o n  t r a j e c t o r y  is  ske tched  on t h e  f i g u r e .  
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C o m r m t e r  S tudies  of t h e  'W' F i e l d  Accelerator 

Computer  s t u d i e s  are i n  p r o g r e s s  on t h i s  geometry u s i n g  

a program fu rn i shed  u s  by NASA, (18) 

tered t o  account fo r  the d i f f e r e n c e s  i n  t h e  t w o  computing sys tems.  

The basic program is d i f f e r e n t  t han  the  t w o  dimensional  program 

t h a t  f i n a l l y ,  af ter  about a month, yielded p rope r  answers. The 

b i g  d i f f e r e n c e  l i e s  i n  the  c y l i n d r i c a l  geometry - n o t  t h e  unusual 

electrode geometry. I n  f i g u r e s 2 1  and 22 are s e e n  the s o l u t i o n s  

f o r  one t r i a l  geometry,, I n  f i g u r e  21  the  i o n  t ra jector ies  and e q u i -  

p o t e n t i a l  l i n e s  are shown for t h e  space-charge-free cond i t ion .  The 

i o n s  l e a v e  a p o s i t i v e  3300 v o l t  emitter and are accelerated main- 

l y  by  t h e  f i e l d  d u e  t o  the  negat ive  6700 v o l t  accelerator i n  t he  

emitter p l ane  i n t o  zero v o l t  space through a zero v o l t  a p e r t u r e ,  

t h e  edge of which is s l i g h t l y  off t h e  f i g u r e .  The p o s i t i o n  of t h e  

3000 v o l t  e q u i p o t e n t i a l  r e l a t i v e  t o  t h e  emitter surface i n d i c a t e s  

The programs have t o  be al- 

0 

t h e  un i fo rmi ty  of emission.  I n  t h e  space-charge-limited case i n  

f i g u r e  22, t he  spac ing  of t h i s  3000 v o l t  e q u i p o t e n t i a l  l i n e  (300 

v o l t s  more nega t ive  than  the  emitter) i n d i c a t e s  t h e  c u r r e n t  den- 

s i t y  t h a t  can be drawn. 

t h e  c u r r e n t  d e n s i t y  were cons t an t  a t  its m a x i m u m  value.  The com- 

p u t e r  s a y s  t he  average c u r r e n t  d e n s i t y  is 17,3 m a / c m  e The i o n  

trajectories are very  reasonable .  I n  actual p r a c t i c e ,  the  emiss ion  

Th i s  calculates o u t  t o  be 18 ma/cm2 i f  

2 

w i l l  be restricted by the braze t o  even a smaller area than  t h a t  

fo r  which i o n  t ra jec tor ies  are shown., 

High Curren t  Dens i ty  Ion Emission 

Surface mig ra t ion  is re l ied  upon a t  l o w  c u r r e n t  d e n s i t y  
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SPACE -CHARGE - FREE 

t IE- 
TO 0 VOLT PLANE 

k O . 0 1 0  INCH 

Figure 2 1 .  Space-charge-free e q u i p o t e n t i a l s  and t r a j e c t o r i e s  
for t h e  "Q'' f i e l d  geometry from t h e  computer. 
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F i g u r e  22.  Space-charge-limited e q u i p o t e n t i a l s  and t r a j e c t o r i e s  
for t h e  'Qtf f i e l d  geometry from t h e  computer. 
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t o  d e l i v e r  c e s i u m  t o  a pos i t i on  on t h e  surface or near t h e  e x i t s  

of the pores  where s u f f i c i e n t  e lectr ic  f i e l d  e x i s t s  t o  al low i o n s  

t o  leave.  A s  more ions  are demanded, t h e  surface c o n c e n t r a t i o n  

g r a d i e n t  is, forced t o  increase  - and produce more n e u t r a l s .  

detailed t r e a t m e n t s  (19,21)0f t h i s  problem e x i s t .  

proceed only so fa r  as t o  see  why there might ex is t  a problem. The 

Many 

L e t  u s  however 

surface d i f f u s i o n  coefficient of c e s i u m  on tungs ten  is f e l t  t o  be 

about 4 x c m  /sec. and  to  vary only s l o w l y  i n  t h e  temperature 2 

range of i n t e r e s t .  L e t  a pore of r a d i u s  r ex i t  onto t h e  surface. 

L e t  t h e  coverage be 0.1 monolayer ond'diameter down t h e  pore w a l l s .  

T h i s  is t h e  largest  t h a t  the  coverage would get even w i t h  t h e  vol t -  

age o f f ,  

pore would exceed 10%. There then is a l i m i t e d  g rad ien t  of surface 

coverage - = 

I f  any closer t o  the surface, t h e  n e u t r a l s  from such a 

d d 4 x 1013 

0 
. The number t h a t  could migrate out  of the - 

d r  2 r  
hole would  be D 

2 r  
independent of pore size. T h i s  i s  equiva len t  t o  a l i t t l e  less than 

1 nana-ampere per pore. Should a s u r f a c e  have 10 pores  pe r  c m  , 
w e  t h e n  would expect trouble w i t h  1 ma/cm2 c u r r e n t  d e n s i t y  and over. 

6 2 

(21) 

T h i s  degradat ion of the opera t ion  is i l l u s t r a t e d  by the 
2 t w o  dotted lines i n  f i g u r e  4. H e r e  a t  5 m a / c m  t he  c r i t i ca l  t e m -  

perature is n o t  sharp. A decrease i n  n e u t r a l s  is observed up t o  

temperatures much higher  than what should be cr i t ical  temperature, 

A t  10 ma/cm2 t h e  s i t u a t i o n  is much worse. 

Metalontcik~2??:?: 'Yo& 

lar  tungsten powder. 

These t es t s  were f o r  Philips 

CC I '  porous tungsten made f rom graded f i n e  angu- 
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Surface E t c h i n g  t o  Improve Ion Emission 

I n  f i g u r e  23 the  neu t r a l  emission of P h i l i p s  f i n e  and 
2 coarse g r a i n  tungsten are compared t o  10 m a / c m  The coarse g r a i n  

is impossibly bad a t  t h i s  cur ren t  d e n s i t y ,  An improvement w a s  e f -  

fected by e l e c t r o l y t i c a l l y  e tching the  surface. Figure 24 sbnws 

t h e  n e u t r a l  f r a c t i o n  vs. i on  c u r r e n t  d e n s i t y  taken a t  1 8 0 O o K .  The 

f i n e  g r a i n  materials look to l e rab ly  good w i t h  1% n e u t r a l s  a t  10 ma/  

c m  However, when one looks back and sees t h e  temperature t h a t  

m u s t  be u s e d  t o  g e t  t h i s  196, one sees t h e  advantages of inc reas ing  

f u r t h e r  t h e  pore count by using f i n e  powder, or f u r t h e r  opening t h e  

surface by e tch ing .  

2 

We s tud ied  two f u r t h e r  cases of e t c h i n g ,  We tested PhiUps 

MoU and i t  had characteristics between Mod C ( f ine-grain)  and 

Mod A (coarse-grain),  E t c h i n g  improved i t s  opera t ion .  I n  t e s t i n g  

EOS E-6 material, manufactured f r o m  medium-fine graded spherical 

powder, we achieved v a s t l y  superior r e s u l t s  after e tch ing ,  I n  t h i s  

case e t ch ing  s i g n i f i c a n t l y  increased the  permeabi l i ty  of the sample, 

i n d i c a t i n g  t h a t  t h e  s u r f a c e  had  been almost completely "plugged up''. 

0 

The need for e tch ing  might arise because of the  cold work 

t h a t  is done on the  surface during machining, gr inding  or po l i sh ing ,  

These ope ra t ions  appear t o  smear tungsten and form bridges over t h e  

open areas. T h i s  altered tungsten r a p i d l y  s i n t e r s  t o  an e q u i l i b r i u m  

cond i t ion  when heated i n  the vacuum d i s t i l l a t i o n  of t h e  copper, o r  

i n  t he  i n i t i a l  heat ing upon p u t t i n g  i n t o  opera t ion .  Unfortunately,  

t h i s  e q u i l i b r i u m  condi t ion  might r e s u l t  i n  stoppage of t h e  pores 
0 
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IO 

Figure  23.  Cesium n e u t r a l  f r a c t i o n  v e r s u s  porous tungs ten  tempera- 
t u r e  for p e l l e t s  of d i f f e r e n t  pore size and s u r f a c e  
preparat ion.  
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T I I I1 

100 

Figure  24. Cesium n e u t r a l  f r a c t i o n  v e r s u s  i o n  current  d e n s i t y  
for t h e  same p e l l e t s  shown i n  F i g .  23.  
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l ead ing  t o  t h e  su r face .  There e x i s t s  also, t h e  p o s s i b i l i t y  t h a t  

some material deposi ted s p e c i f i c a l l y  on t h e  surface, causes more 

r a p i d  s i n t e r i n g .  Also, as mentioned e a r l i e r ,  is the sugges t ion  of 

Koppius of Semicon of Lexington t h a t  oxygen w i t h i n  t h e  porous tung-  

s t e n  can t r a n s p o r t  tungsten f rom t h e  i n t e r i o r  t o  t h e  surface v i a  

v o l a t i l i z a t i o n  of W03. Presumably depos i t i on  would occur a t  t h e  

s u r f  ace because of the low surf ace coverage of oxygen maintained 

by  t h e  vacuum pumps. 

Besides  merely opening up the  surface, the proper e t c h i n g  

might produce a bet ter  contour of t h e  pore e x i t .  Since i t  is only  

t h e  geometry of t h e  surface t h a t  affects  t h e  i on  e m i t t i n g  proper- 

t i e s  of t h e  porous tungsten,  i t  is f e l t  much more work can be done 

i n  t h i s  area. 

The method of e tching employed by u s ,  w a s  a t  first the s i m -  

p l e  A.C, e lec t ro ly t ic  e t c h i n g  i n  hydroxide. F i r s t  w e  used  CsOH i n  

d i s t i l l e d  water when it  wasn'ot p o s s i b l e  t o  fol low by complete r i n s -  

ing.. Later w e  u s e d  D.C. e tching i n  concentrated KOH so as no t  t o  

r e d e p o s i t  any material on the surface and t o  keep t h e  tungsten ox- 

i d e  i n  so lu t ion .  W e  followed by b o i l i n g  i n  concentrated KOH, f o l -  

lowed by thorough r i n s i n g  b y  pressure  f l o w  of d i s t i l l e d  water and 

acetone. The permeabi l i ty  checks were made af ter  a m i l d  d ry ing  i n  

an air oven, 

Microphotographs taken of t h e  surface after opera t ion ,  b u t  

w i t h o u t  e tch ing ,  and a f t e r  operat ion w i t h  previous etching,  r e v e a l  
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clearly t h e  more open n a t u r e  of t h e  etched material. This  is 

i l l u s t r a t e d  i n  f igures25a  and 25b. I t  is i n t e r e s t i n g  t o  com- 

pa re  t h i s  type of e t ch ing  w i t h  t h a t  which is a t t r i b u t e d  t o  oxy- 

gen. This  is shown i n  f igures26a and 26b. Since t h i s  type of 

e t ch ing  is accomplished a t  high temperature,  i t  could w e l l  be 

more s t a b l e  aga ins t  change with t i m e .  

Resu l t s  of Measurements on Porous Tungsten made from Graded 

SDherical Powder 
- 

Resu l t s  on porous tungsten manufactured by Electro-Op- 

t ical  Systems, Inc.  of Pasadena, C a l i f o r n i a ,  are prel iminary.  One 

type  of ma te r i a l ,  designated by them as E-6 (22)was machined by u s  

from a copper impregnated b i l l e t ,  vacuum d i s t i l l e d  t o  r i d  i t  of 

copper, and rhodium brazed t o  a molybdenum feed  tube.  The r e s u l t s  

shown here were a f t e r  e tching opened the  su r face  sihce t h e  i n i t i a l  

t e s t i n g  ind ica t ed  a very poor su r face  pore count. The n e u t r a l  f r ac -  

t i o n  versus  cu r ren t  d e n s i t y  a t  1850°K is shown i n  f i g u r e  27. The 

improvement accomplished by e tch ing  is clear. A l s o ,  t he  improve- 

ment due t o  ope ra t ing  i n  oxygen is apparent.  The n e u t r a l  f r a c t i o n  

v e r s u s  emitter temperature is  shown i n  f i g u r e  28. The acceptab le  

low n e u t r a l  f r a c t i o n  t o  within 50°K of c r i t i ca l  temperature is a 

clear i n d i c a t i o n  of t h e  super ior  high c u r r e n t  d e n s i t y  cha rac t e r i s -  

t i c  of t h i s  material. The not-too-high temperature minimum and in- 

crease a t  higher temperature a m  more reminiscent  of s o l i d  tungsten 

d a t a .  

E lec t ron  "Drain C u r r e n t s  

E lec t ron  c u r r e n t s  f r o m  the  nega t ive  a c c e l e r a t o r  e l e c t r o d e  
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Figure 25a. Microphotograph of t h e  coarse  grain  ( 4 . 3  p) porous 
tungsten surface after e l e c t r o l y t i c  e tch ing  and 
cesium ion  operation (540X) 

Figure 25b. Microphotograph of a l i g h t l y  etched s e c t i o n  of the  
same surface shown above, ind ica t ing  the  near 
s o l i d  appearance of the  surf  ace before e tch ing  
(540X). 
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Figure 26. Two sides of porous tungsten pellet after vacuum 
distillation of copper illustration, etching of one 
side (540X) 
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2 ION CURRENT DENSITY m d c m  

Figure 27. Cesium neutral fraction from E . O . S .  Sample E-6 under 
different conditions at different ion current densities. 
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EMITTER TEMPERATURE, O K  

Figure 28. Neutral fract ion versus temperature for E.O.S. E-6 
material a f t er  etching.  
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t o  t h e  p o s i t i v e  porous tungsten emitter are very troublesome. 

They can hea t  t he  source and prevent  temperature c o n t r o l  of 

t h e  emitter. They mask other  c u r r e n t s  t o  the a c c e l e r a t o r .  I f  

some of these c u r r e n t s  g e t  t o  t h e  c o l l e c t o r  t h e y  reduce the 

i o n  c u r r e n t  reading. They load down high impedance power sup- 

p l i e s .  I n  our p re sen t  system w i t h o u t  temperature control of 

t h e  copper accelerator, t h e y  prevent  u s  from achieving high 

c u r r e n t  d e n s i t y  operat ion.  These c u r r e n t s  r e q u i r e  c e s i u m  t o  

a c t i v a t e  a low work-function surface; and y e t  t h e y  p e r s i s t  f o r  

long t i m e s  after t h e  c e s i u m  supply is i n t e r r u p t e d .  They of- 

t e n  are a large p a r t  thermionic, r equ i r ing  r a d i a t i o n  from t h e  

e m i t t e r ;  and y e t  t h e y  a r e  observed a t  room temperature and m o s t  

o f t e n  decrease a t  very high temperatures,  The c u r r e n t s  are very 

s e n s i t i v e  t o  e lectr ic  f i e l d  and y e t  d r a i n  c u r r e n t s  have been so 

seve re  t h a t  a t  only a few vol t s ,  t h e  normal ion  c u r r e n t  is ex- 

ceeded and t h e  engine cannot be turned on. 

The observa t ions  ind ica t e  a combination of thermionic  

and f i e l d  emission c u r r e n t s  enhanced by t h e  l o w  work-function as- 

sociated w i t h  ces ium.  

gen immediately reduces the  d r a i n  c u r r e n t  by more than a thousand. 

T h i s  observat ion is cons i s t en t  w i t h  o u r  p rev ious  conclusion t h a t  

b u l k  c e s i u m  oxides  have i n f e r i o r  e l e c t r o n  emission, e s p e c i a l l y  i f  

oxygen r i c h .  If t h e  vacuum is good, t h e  ces ium can be reduced to  

zero and t h e  temperature lowered t o  room temperature  and still  t h e  

c u r r e n t s  w i l l  remain a t  near ly  t h e i r  h o t  value.  These c u r r e n t s  

U s u a l l y  admission of 1 x 10m6torr  of oxy- 
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are obvious ly  f i e l d  emission c u r r e n t s .  
1 - i n  f i g u r e  29. F i e l d  emission c u r r e n t s  n o t  a f f e c t e d  by space 

charge should p l o t  as s t ra ight  l i n e s .  

Log i /v2  is p l o t t e d  vs.  

V 

These c u r r e n t s  are erratic, b u t  u s u a l l y  g e t  worse w i t h  

t i m e ,  T h i s  is a t t r i b u t e d  t o  roughening t h e  surfaces by b u i l d i n g  

up whiskers  from evapora ted  material, or f l a k i n g  of coa t ings .  

Another type  of spu r ious  c u r r e n t  has been observed many 

t i m e s .  I t  has  always been observed from s u r f a c e s  below room t e m -  

p e r a t u r e  and has been p a r t i c u l a r l y  bothersome i n  o u r  n e u t r a l  de- 

tectors.  I t  has  occurred  from copper,  n i c k e l ,  brass, gold,  and 

s teel .  I t  is electrons from a n e g a t i v e  electrode. I t  r e q u i r e s  

a c e s i u m  a r r i v a l  rate and some reasonab le  e lectr ic  f i e l d  t o  s ta r t  

t h e  current. ,  Once s ta r ted  i t  does notneed a h i g h  electric f i e l d  
0 

or much, if any, c e s i u m  to  s u s t a i n  it. Once t h e  c u r r e n t  is i n t e r -  

rupted and t h e  v o l t a g e  reappl ied ,  t h e  c u r r e n t  is a b s o l u t e l y  zero. 

With t i m e ,  i f  an e lectr ic  f i e l d  and c e s i u m  is p r e s e n t ,  t h e  c u r r e n t  

s ta r t s  up again.  I t  s ta r t s  more r a p i d l y  a t  higher f i e l d s .  Excess 

oxygen u s u a l l y  s t o p s  t h e  c u r r e n t  from s t a r t i n g .  Heat ing t h e  elec- 

trode s t o p s  t h e  c u r r e n t o  No e x p l a n a t i o n  of t h i s  c u r r e n t  is a v a i l -  

able. 

CONCLUSION 

The c e s i u m  n e u t r a l ,  ion, and e l e c t r o n  e m i t t i n g  character- 

i s t i c s  of porous tungs ten  have been determined when t h e  s u r f a c e  is 

c l e a n ,  covered w i t h  vary ing  degrees  of oxygen, and when carbided. 

Both oxygenated and carbided tungs ten  e m i t  fewer n e u t r a l s  t han  c l e a n  

a 
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Figure 29. Variation of field emitted drain current with voltage 
at room temperature with no cesium replenishment. 
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t u n g s t e n .  Oxygenated t u n g s t e n  h a s  a h i g h e r  carbided t u n g s t e n  

and a lower c r i t i c a l  t empera tu re  t h a n  d o e s  c l e a n  t u n g s t e n  A t  

h i g h  i o n  c u r r e n t  d e n s i t i e s ,  i f  there is i n s u f f i c i e n t  p o r e  

d e n s i t y ,  t h e  n e u t r a l s  are e x c e s s i v e  u n l e s s  a much h i g h e r  t h a n  

c r i t i c a l  t e m p e r a t u r e  i s  used.  The o c c u r r e n c e  and t r a n s p o r t  of 

oxygen, c a r b o n  and other i m p u r i t i e s  have been  d i s c u s s e d .  

O b s e r v a t i o n s  and a brief s t u d y  of s p u r i o u s  e l e c t r o n  c u r r e n t s  

have  been l i s t e d .  
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CESIUM NEUTRAL AND ION EMISSION FROM 
CARBURIZED AND OXYGENATED POROUS TUNGSTEN* 

A. Y. Cho and H. She l ton  
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In t roduc t ion  

I n  t h e  u s e  of ho t  porous tungs ten  t o  produce c e s i u m  i o n s  f o r  
e l e c t r i c a l  p ropuls ion ,  t h e  degree of tungs ten  p u r i t y  is of extreme 
importance.  Materials a f f e c t  the tungs t en  performance mainly a l t e r i n g  
t h e  work-function, t h e  c e s i u m  binding energy, and t h e  e m i s s i v i t y .  The 
materials t h a t  raise t h e  work-function lower t h e  r a t i o  of n e u t r a l  
emission t o  i o n  emission. Ma te r i a l s  t h a t  lower t h e  work-function 
i n c r e a s e  t h e  n e u t r a l  e m i s s i o n  - o f t e n  above t h e  i o n  emission.  If 
the  b inding  energy is inc reased ,  t h e  c r i t i ca l  temperature  necessa ry  
t o  evapora te  a given c u r r e n t  d e n s i t y  of i o n s  w i l l  i n c r e a s e .  I f  t h e  
b inding  energy is decreased ,  t he  c r i t i ca l  temperature w i l l  be lower. 

Tungsten can be brought t o  a very  h igh  degree  of p u r i t y  s imply 
bjr r a i s i n g  its temperature ,  causing f o r e i g n  materials t o  d i f f u s e  t o  
the surface and evapora te .  I n  t h e  case of p r a c t i c a l  i o n  emit ters ,  
however, t h e  p r a c t i c a l  d i f f i c u l t i e s  of h e a t i n g  l a r g e  areas, t h e  t e m -  
p r a t u r e  l i m i t a t i o n s  imposed by the  brazes ,  and d e l e t e r i o u s  e f f e c t s  
of f u r t h e r  s i n t e r i n g ,  i n t e r f e r e  w i t h  t h e  u s e  of t h i s  method. The 

experimenter  may, t h e r e f o r e ,  o f t e n  be working w i t h  other than  c l e a n  
tungs t en .  

0 

T h i s  paper  d e s c r i b e s  experiments on porous tungs t en  emitters i n  
which s p e c i a l  measures were taken t o  c o n t r o l  s u r f a c e  cond i t ions .  U l t r a  
h igh  vacuum w a s  maintained,  e m i t t e r s  were des igned  t o  allow prolonged 
h e a t i n g  t o  2000°K, c a p a b i l i t y  f o r  s u r f a c e  s p u t t e r i n g  w a s  provided,  and 

c o n t r o l l e d  amounts of i m p u r i t i e s  could be in t roduced .  

R e s u l t s  are p resen ted  shaving t h a t  oxygen dec reases  n e u t r a l s ,  b u t  
increases c r i t i ca l  temperature.  Carbon d e c r e a s e s  n e u t r a l s  and d e c r e a s e s  

*This  work suppor ted  by c o n t r a c t  N A S  3-2524 through L e w i s  Research Center ,  
....................................................................... 



t h e  c r i t i c a l  temperature, b u t  r a i s e s  emiss iv i ty .  Calcium i n c r e a s e s  
n e u t r a l s  and increases cr i t ical  temperature. These observa t ions  re- 
s u l t  from c a r e f u l  repeated s t u d y  of each of t hese  materials deposi ted 
on tungsten which had first been cleaned b y  high temperature opera t ion  
i n  high vacuum followed by sput te r ing .  

a 

ExDeriment a1 Procedures 

The measurements were made on one inch  diameter porous tungsten 
discs manufactured by Semicon of Ca l i fo rn ia .  The i o n s  are focused 
and acce le ra t ed  by two f i n e  g r ids  of tungsten wires.  These g r i d s  
can be heated t o  2600°K s o  as t o  keep t h e  su r face  clean.  
c u r r e n t s  from the  a c c e l e r a t i n g  g r id  t o  t h e  source during ion  emission, 
and from t h e  focusing g r i d  d u r i n g  electron emission are t h u s  e l iminated.  
When maintained hot  and a t  a p o s i t i v e  p o t e n t i a l ,  t h e  g r i d s  can also be 

u s e d  t o  s p u t t e r  t h e  tungsten source s i n c e  a f r a c t i o n  of t h e  c e s i u m  from 
t h e  source w i l l  be in t e rcep ted ,  surface ionized,  and accelerated back 

t o  the  source. 

Elec t ron  

A hot  r ibbon n e u t r a l  sensor  o f f  t o  one s i d e  of the ion  beam "sees" 
t h e  su r face  of t he  porous tungsten through the  f i n e  set of gr id  wires. 
Although t h e  n e u t r a l  detector measures p r o p e l l a n t  u t i l i z a t i o n  as modi- 
f i e d  by t h e  a c c e l e r a t i n g  s t r u c t u r e  rather than t h e  des i r ed  t r u e  n e u t r a l  
f r a c t i o n ,  i n  t h i s  case because of t h e  small amount of n e u t r a l  s c a t t e r i n g  
by t h e  f i n e  g r i d s ,  t h e  two a re  e s s e n t i a l l y  t h e  same. 

0 

The vacuum obtained by a Welch "turbomolecular" pump is oxygen- 
f r e e  and hydrocarbon-free, as monitored by  a mass spectrometer mounted 
i n  t h e  sys t em.  A large copper surface a t  l i q u i d  n i t rogen  temperature 
surrounds the ion  source,  cools  t h e  n e u t r a l  d e t e c t o r  and condenses 
c e s i u m  and water vapor. The  t o t a l  p ressure  when opera t ing  is a f e w  
t imes t o r r ,  and is  mostly untrapped cesium. 

A clean tungsten su r face  is  obtained by  f i r s t  hea t ing  i n  oxygen 
2 L L~ I------ se1I1uvt j  carbon, opei-sitiag for hours at a reiativeiy high (5-ir3 m a / c m  1 

cesium i o n  c u r r e n t  d e n s i t y  a t  2000°K, and then  spu t t e r ing .  Such a 

0 



surface can then opera te  clean for  many minutes. During t h i s  t i m e  a 
leak of oxygen producing a pressure of 1 x lO-'torr w i l l  d e t ec t ab ly  
a l t e r  t he  su r face  condi t ion.  Because t h e  measurements were made on 
thoroughly cleaned porous tungsten a t  r e l a t i v e l y  low ion  c u r r e n t  den- 
s i t y  where t h e  pore d i s t r i b u t i o n  h a s  l i t t l e  e f f e c t ,  t h e s e  d a t a  are 
be l ieved  t o  be v a l i d  f o r  a l l  clean porous tungsten r e g a r d l e s s  of manu- 
f acturer. 

The carbided su r face  is produced by cracking  hydrocarbon vapors 
(C2H2, CH4, C , F - i  etc)  and s t a b i l i z i n g  by high temperature operat ion.  
The shor t  exposure t i m e  (minutes) and the  l o w  p re s su re  (a  few t i m e s  
lOw6torr)  r e s u l t s  i n  a very t h i n  coa t ing  of W2C a few microns t h i ck .  
I t  has  been i d e n t i f i e d  by X-rays. T h i s  su r f ace  can be cleaned up by 
long ( a t  high T) exposure t o  oxygen. I t  i s  noteworthy t h a t  oxygen a t  
any p res su re  up t o  10-5torr or more h a s  no e f f e c t  on t h e  e l e c t r o n i c  
p r o p e r t i e s  of t h i s  su r f ace  f o r  considerable pe r iods  of exposure. This  
e f f e c t  and t h e  c l ean  up of carbon is a t t r i b u t e d  t o  t h e  r a p i d  formation 
and evaporat ion of CO. 

A 4  

0 The q u a l i t a t i v e  f e a t u r e s  of an oxygenated su r face  have been gathered 
over a long per iod of t i m e  on many d i f f e r e n t  samples of porous tungsten.  
The q u a n t i t a t i v e  e f f e c t  depends on t h e  degree of oxygenation, c e s i u m  
ion  c u r r e n t  dens i ty ,  t r a c e  impur i t ies ,  and t h e  p a s t  h i s t o r y  of t h e  s u r -  
face.  The carbided su r face ,  on t h e  o the r  hand, e x h i b i t s  t h e  same quan- 
t i t a t i v e  c h a r a c t e r i s t i c s  t i m e  and t i m e  again on d i f f e r e n t  sources  car- 
bided i n  d i f f e r e n t  manners. This su r face  is  a l s o  much less s e n s i t i v e  
t o  traces of poisoning contaminants. The t r u l y  c l ean  tungsten su r face  
is  harder  t o  achieve and maintain; a f t e r  t he  tungsten is e s s e n t i a l l y  
clean, t h e  remnant su r face  contaminants such as oxygen can be spu t t e red  
o f f .  

Experimental Resu 1 t s 

Clean Tungsten 

porous tungsten f ed  w i t h  cesium. The feed  ra te  w a s  such as t o  produce 
In  Figure 1 is p l o t t e d  the  e l e c t r o n  cu r ren t  d e n s i t y  from c lean  

a 
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1 ma/cm2 i on  c u r r e n t  dens i ty ,  i f  t h e  vol tage  were reversed. P l o t t e d  
l i g h t l y  i n  the background are constant work-function l i n e s ,  based on 
the Richardson equation, j = 120 T 
experimental  p o i n t s  l i e  paral le l  t o  these l i n e s  t h e  surface is main- 
t a i n i n g  a cons tan t  work-function. The value of t he  work-function of 
any p o i n t  can be i n t e r p o l a t e d  from its p o s i t i o n  on the experimental  
curve r e l a t i v e  t o  the  l i n e s  of constant @. We can see i n  t h i s  in-  
s t ance  that a t  high temperature, cesium coverage is e s s e n t i a l l y  zero,  
and we f i n d  the work-function of t h i s  c l ean  porous tungsten t o  be 4.7 

v o l t s .  A t  lower temperatures, t h e  c e s i u m  s t i c k s ,  lowers the work- 
f u n c t i o n  and causes t h e  e l e c t r o n  emission t o  increase. The t e m -  
perature a t  which t h e  e l e c t r o n  cur ren t  crosses the  3.7 v o l t  l i n e  
(1300'K i n  Figure 1) is approximately the  cr i t ical  temperature for  
i o n  emission.  

2 2 exp( - e@/kT) amps/cm . When t h e  

Under d i f f e r e n t  su r f ace  condi t ions the  "S" shaped curve may de- 
p a r t  from t h e  cons tan t  work-function l i n e  a t  higher temperatures and 
may i n c r e a s e  more r a p i d l y  t o  the r i g h t .  The c r i t i ca l  temperature then 
w i l l  be higher.  The po r t ion  of the curve farther t o  t h e  r i g h t  relates 
t o  t h e  adherence of l a r g e  c e s i u m  coverages and has  no bear ing  on i o n  
product ion . 

I n  F igu re  2 w e  see t h e  percentage f rac t ion  of n e u t r a l  c e s i u m  
emitted from t h e  same su r face  during ion  operation a t  high vol tages .  
A t  t h e  r i g h t ,  t h e  temperature is  below cr i t ical  and t h e  n e u t r a l s  are 
nea r ly  100%. The cr i t ical  temperature is  indeed 1300°K. Constant 
work-function l i n e s  are shown, based on t h e  Saha-Langmuir equa t ion ,  
which predicts t ha t  t h e  fraction of t h e  t o t a l  c e s i u m  emitted as n e u t r a l s  
w i l l  b e d =  (1 + 
p o t e n t i a l  Vi is 3.9 vo l t s .  
t h a t  when a patchy su r face  is  involved, i t  is the electron work-function 
as we measu re  i t  w i t h  A = 120 tha t  should be u s e d  i n  t h i s  equat ion t o  
p r e d i c t  n e u t r a l s . )  A t -  h igh  temperatures the cesium coverage is very 
l o w  azc! the work-function is t h a t  of c lean  tungsten,  The r e s g l t i n g  

n e u t r a l  f r a c t i o n  and its temperature dependence agrees reasonably w e l l  
w i t h  t h e  work-function found from t h e  "S" curve. 

1 exp. (@ - Vi)/kT)-' where t h e  c e s i u m  i o n i z a t i o n  
(A report' by Teem and co-workers shows 

a 
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Oxygenated Tungsten 

The dotted curve f o r  c l e a n  tungsten is inc luded  fo r  comparison. For 
t h e  h ighe r  tempera tures  t o  t h e  l e f t ,  w e  see a h igh  work-function de- 

c r e a s i n g  towards t h e  va lue  for c lean  tungsten.  The abrupt  s teep  r i s e  
as t h e  temperature is decreased i n d i c a t e s  t h a t  t h e  c e s i u m  has  a h igh  

b inding  energy and t h a t  a h i g h  c r i t i c a l  t empera ture  w i l l  r e s u l t .  A l -  
though oxygenated tungs ten  i n  vacuum r e s u l t s  i n  a larger  l o w  tempera- 
t u r e  maximum, t h e  cont inuous maintenance of an oxygen pressure i n  t h i s  

case s u p p r e s s e s  t h e  e l e c t r o n  emission a t  low temperature .  I n  F i g u r e  4 

we see t h a t  t h e  c r i t i ca l  temperature  is i n c r e a s e d  and t h a t  t h e  n e u t r a l s  
are lower, r e l a t i v e  t o  c l e a n  tungsten.  The broad f l a t  minimum reg ion  
i n d i c a t e s  the  adherence of a s i z a b l e  c e s i u m  coverage t o  q u i t e  high 
tempera tures ,  aga in  i n d i c a t i n g  a high b ind ing  energy. 

F igu re  3 shows t h e  "S" shaped curve  f o r  oxygenated tungs ten .  

Carburized Tungsten 
I n  F igu re  5 the  "S" shaped curve f o r  carbided tungs ten  is shown. 

The work-function is 4.9 v o l t s .  A l s o  as evidenced by the  l o w  v a l l e y ,  
t h e  b ind ing  energy is lowered, p r e d i c t i n g  a lower c r i t i ca l  temperature  
(1210°K). I t  is of i n t e r e s t  t o  no te  t h a t  t h e  b inding  energy f o r  large 
c e s i u m  coverages is inc reased ,  g iv ing  a larger l o w  temperature peak 
emission.  T h i s  characteristic is i n  close analogy t o  the  effect  of 
W2C on electron emission from barium impregnated porous tungs ten .  A t  
h i g h  temperatures W2C is u s e d  t o  suppres s  e l e c t r o n  
emiss ion  by al lowing t h e  b a r i u m  t o  evapora te .  A t  l o w  temperatures] 
e l e c t r o n  emission is enhanced from W2C areas . 

0 

( T 7 l o O o o  K) 
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Figure  6 shows t h e  n e u t r a l  f r a c t i o n  ve r sus  temperature f o r  car- 
bided tungs ten .  We see that  the c r i t i ca l  temperature is lower, t h a t  
t h e  n e u t r a l s  are lower, and tha t  t h e  s t r o n g  temperature dependence as 
governed by the  Saha-Langmuir equat ion  is evidenced. 

The improved i o n  emit ter  properties of carbided tungs ten  is off- 
set  by its higher  thermal' emis s iv i ty ,  which is  approximately 0.4. 

Calcium, Fluorine,  and Othe r  Contaminants 
C a l c i u m  w a s  s t u d i e d  and found t o  be a bad poison  - i t  appeared 
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both t o  lower t h e  work-function, t he reby  producing h igh  n e u t r a l  
emission, and also t o  hold t h e  cesium t i g h t l y ,  producing a high 

cr i t ical  temperature .  High temperature o p e r a t i o n  w a s  necessa ry  
t o  lower t h e  c a l c i u m  concen t r a t ion  on the  surface by  evapora t ion .  
A high p s e u d o - c r i t i c a l  temperature e x i s t e d  where t h e  d i f f u s i o n  
ra te  t o  t h e  s u r f a c e  matched the  evapora t ion .  T h i s  temperature 
w a s  o f t e n  above 1700°K.  

F l u o r i n e  acts l i k e  oxygen. I t  r a i se s  t h e  c r i t i ca l  tempera- 
ture ar?d lnwnrs  the n e u t r a l s ,  S i l i c o n  and boson were found t o  
have l i t t l e  e f f e c t  on i o n  and n e u t r a l  emission,  a l though they  
raised t h e  tungs t en  work-function s l i g h t l y .  

The p resen ted  data have a l l  been a t  the r e l a t i v e l y  low c u r r e n t  
d e n s i t y  of 1 ma/cm2 i n  order t o  g r a p h i c a l l y  i l l u s t r a t e  the basic 
e f f e c t  of work-function and binding energy. The i n c r e a s e  of n e u t r a l s  
with c u r r e n t  d e n s i t y  because of i n s u f f i c i e n t l y  f i n e  pore  d i s t r i -  
b u t i o n  is b a r e l y  seen  here. As po in ted  o u t  by t h e  work of Hussman 
t h e  n e u t r a l s  i n c r e a s e  a t  higher  i o n  c u r r e n t  d e n s i t i e s  - badly  so 
w i t h  a coarse g r a i n  porous tungsten and less so w i t h  a f i n e  g r a i n  
porous tungs ten .  Also t h e  c r i t i ca l  tempera ture  is less  w e l l  d e f i n e d  
a t  h igh  i o n  c u r r e n t  d e n s i t i e s  w i t h  a large range  of temperatures where 
an i n c r e a s e  i n  temperature  decreases  t h e  n e u t r a l s .  High c u r r e n t  
d e n s i t i e s  up t o  16 ma/cm2 on many d i f f e r e n t  porous tungs ten  samples 
have been s tud ied  by the au thors ,  and t h e  d i f f e r e n t  characteristics 
of h igh  c u r r e n t  d e n s i t y  i o n  emission and t h e  data p resen ted  here are 
n o t  c o n t r a d i c t o r y  and are due  t o  t he  pore d i s t r i b u t i o n .  

3 

Conclusion 

An oxygenated tungs t en  surface is  i d e n t i f i a b l e  from its **S" 

shaped curve by its high  bare work-function and h igh  cesium coverage 
a t  i o n  o p e r a t i n g  tempera tures  and f r o m  its i o n  emission by t h e  high 
c r i t i ca l  tempera ture  and t h e  small c o n s t a n t  percentage  va lue  of 
n e u t r a l s  a t  higher  temperatures ,  A carbided s u r f a c e  is  i d e n t i f i a b l e  
from i ts  **S" shaped curve by i t s  stable 4.9 v o l t  work-function 
i n s e n s i t i v e  t o  oxygen and t h e  deep minimum, and from its i o n  
emiss ion  by the  l o w  cr i t ical  temperature and t h e  rapid r ise of 
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